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PREFACE TO FIRST EDITION 


T he present book is intended as an elementary in- 
troduction to Physical Chemistry. It is assumed 
that the student taking up the study of this subject has 
already an elementary knowledge of chemistry and phy- 
sics, and comparatively little space is devoted to those 
parts of the subject with which the student is presumed 
to be familiar from his earlier work. 

Physical chemistry t$ now such an extensive subject 
that it is impossible even to touch on all its Important 
applications within the limits of a small text-book. I 
have therefore preferred to deal in considerable detail 
with those branches of the subject which usually present 
most difficulty to beginners, such as the modern theory 
of solutions, the principles of chemical equilibrium, elec- 
trical conductivity and electromotive force, and have 
devoted relatively less space to the relationships between 
physical properties and chemical composition. The prin- 
ciples employed in the investigation of physical proper- 
ties from the point of view of chemical composition are 
illustrated by a few typical examples, so that the student 
should have little difTiculty in understanding the special 
works on these subjects. Electrochemistry is dealt w’ith 
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PREFACE TO FIRST EDITION 


T he present book is intended as an elementary in- 
troduction to Physical Chemistry. It » assumed 
that the student taking up the study of this subject has 
already an elementary knowledge of chemistry and phy* 
sics, and comparatively little space is devoted to those 
parts of the subject with which the student is presumed 
to be familiar from his earlier work. 

Physical chemistry is now such an e.Ntensive subject 
that it is impossible even to touch on all its important 
applications within the limits of a small text-book. I 
have therefore preferred to deal in considerable detail 
with those branches of the subject which usually present 
most difficulty to beginners, such as the modern theory 
of solutions, the principles of chemical equilibrium, elec- 
trical conductivity and electromotive force, and have 
devoted relatively less space to the relationships betw-een 
physical properties and chemical composition. The prin- 
ciples employed in the investigation of physical proper- 
ties from the point of view of chemical composition are 
illustrated by a few- typical examples, so that the student 
should have little difTicuIty in understanding the special 
works on these subjects. Electrochemistry is dealt with 
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rather more {\iUy than has hitherto been itsua! in clc- 
tncnl.ny vorks on Physical Chemistry, and the book is 
therefore well suited for electrical engineers. 

From my experience as a student and as a teacher, I 
am convinced that one of the best methods of familiaris- 
ing the student with the principles of a subject is by 
mr.ms of mnncric.rl cx.ainplc.s. For this reason 1 have, 
as f.\r as possible, given numerical illustrations of those 
laws and formula; which arc likely to present difiiculty 
to the beginner. ’Ibis is particularly important with 
regard to certain fornnda: — more particularly those in 
the chapter on hdectromotivo Force — which cannot 
easily be proved by simple methods, but which even the 
clctncnt.xry student must make use of. Tlic really im* 
pottanl thing in this connection is not that the student 
should be able to prove the formula, but that he should 
thoroughly understand its meaning and applications. 

I have throughout the book \tscd only the most ele- 
mentary malhem.atics. In order to make use of some of 
the forimdx, particularly those in the chapters on Velo- 
city of Reaction and Kloclromotive Force, an elementary 
knowledge of log .\rit Urns is required, but sufheient for the 
purpose can be g.ained by the student, if necessary, from 
a few hours’ study of the ch.apler on " Logarithms " in 
any elementary test-book on Algebra. 

The e.xperimeuts described in the sections headed 
" Pr.xctical Illustrations " at the conclusion of the chap- 
ters can in most c.ases be performed with very simple 
apparatus, and as many as possible should be done by 
t lie .St udent , The majority of them arc also well adapted 
for lecture experiments. The more elaborate experi- 
ments which arc usually performed during a course of 
pr.icticai Rhysical Chemistry arc also mentioned for the 



sake of completeness ; for full details a book on Practical 
Physical Chemistry should be consulted. 

In drawing up my lectures, which have developed into 
the present book, I have been indebted most largely to 
the text-books of my former teachers, Ostwald and 
Nernst, more particularly to Ostwald’s AUgemeiue Chemie 
(2nd Edition, Leipzig, Engclmann) and to Nernst’s Theo- 
retical Chemistry (4th Edition, London, Macmillan).* The 
following works, among others, have also been consulted : 
Van’t Hoff, Lectures on Physical Chemistry ; Arrhenius, 
Theories of Chemistry : Le'BlAnc, Electrochemistry ; Dan* 
necl, Elektrochemie (Sammlung GCschen) j Roozeboom, 
Phasenlehre ; Findlay, The Phase Pule ; Mellor, Chemi- 
cal Statics and Dynamics: Abegg, Die elektrolytisehe 
Dissociationstheorie. In these books the student will 
find fuller treatment of the different branches of the 
subject. References to other sources of information on 
particular points are given throughout the book. 

The importance of a study of original papers can 
scarcely be overrated, and I have given references to a 
number of easily accessible papers, both in English and 
German, some of which should be read even by the 
beginner. In the summarising chapter on “ Theories of 
Solution " references are given which will enable the 
more advanced student to put himself abreast of the pre- 
sent state of knowledge in this most interesting subject. 

In conclusion, I wish to express my most sincere 
thanks to Assistant-Professor A. W. Porter, of University 
College, London, for reading and criticising the sections 
on osmotic pressure and allied phenomena, and for valu- 
able advice and assistance on many occasions ; also 
to Dr. H. Sand, of University College, Nottingham, and 

* The fifth Gennan edition of Nenut'a text-book hat now appeared. 



viii OUTLINES OF PHYSICAL CHEMISTRY 

Dr. A. Siator, of Burton, for criticising the chapters on 
Electromotive Force and on Velocity of Reaction respec- 
tively. Lastly, I wish to acknowledge my indebtedness 
to my assistant, Mr. T. J. Ward, in the preparation of the 
diagrams and for reading the proofs. 


Ncz'ftntft 190S 


G. S. 



PREFACE TO SECOND EDITION 


A S less than two years have elapsed since the appear- 
ance of the First Edition, only a few slight altera- 
tions have been rendered necessary by the progress of 
the subject in the interval The opportunity has, how- 
ever, been taken to revise the text thoroughly ; in one 
or two places the wording has been slightly altered for 
the sake of greater clearness, and some misprints have 
been corrected. 

A few additions of some importance have also been 
made. In conformity with the elementary character of 
the book, the mathematical proofs of the connection be- 
tween osmotic pressure and the other properties of solu- 
tions which can be made use of for molecular weight 
determinations were omitted from the first edition. The 
book has, however, been more largely used by advanced 
students than was anticipated, and at the request of 
several teachers the proofs m question have now been 
inserted — as an appendix to Chapter V. The section 
dealing with the relationship between physical properties 
and chemical constitution has been rendered more com- 
plete by the insertion of brief accounts of absorption 
spectra and of viscosity. 
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I am again indebted to Professor Porter for much 
kind advice and assistance, and take tin's opportunity of 
expressing to him my grateful thanks. I wish also to 
acknowledge my indebtedness to a number of friends and 
correspondents, more particularly to Dr, A. Lapworth, 
F.R.S., Dr. J. C. Philip, Dr. A. E. Dunstan, Dr. W. 
Maitland and Mr. \V. G. Piric, M.A. for valuable sug- 
gestions. 


Dfctnhtr jgio 


G. S. 



PREFACE TO FOURTEENTH EDITION . 


T he aim o! IhU book, as stated m the Preface to the 
First Edition, is to provide an elementary' intro- 
duction to Physical Chemistry, and while considerable 
extensions and modiheations have taken place as one 
edition followed another at short intcr\'als, the main 
purpose— the presentation of the jjencral principles of 
the subject in a volume of moderate size— has been kept 
steadily in view. 

For the present Edition, advantage has been taken of 
the re-setting of the book to make a number of minor 
additions and alterations, including sections on atomic 
structure and on the specific heat of solids. Some new 
figures have been provided, and others have been re- 
drawn. 

I wish to take this opportunity of expressing cordial 
thanks to my colleague. Dr. S. Sugden, of the Chemistry 
Department, Dirkbeck College, for valuable suggestions 
regarding the revision of the text 


London, Aloy 1926 


G. S. 
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DEFINITIONS AND UNITS' 

In tWs section the centimetre-grain-sccond (C.G.S.) system of units 
is used throughout, length being measured in centimetres (cms.), mass in 
prams, and time in seconds. 

Dtr.sity is mass per unit volume : unit, gram per c.c. (cubic centi- 
metre). 

Sptcific Vclume (l/density) is volume per unit mass : unit, c.c. per 
gram, 

I'ehaty is rate of change of position : unit, cm. per sec. or cm./scc. 

Aeceleralicn is rate of change of velocity : unit, cm. per sec. per sec. 
or cm. /sec.*. 

Merntntvm is ma.ss X velocity : unit, gram-cm. per see. 

Fcrce is mass x acceleration (rate of change of momentum). Unit, 
the dyne, is th.at force which is requited to produce an acceleration of i cm. 
per sec. per sec, in a mass of i gram. As a gram-weight, falling freely, 
obtains an acceleration of qSo-d cm. per sec. (owing to the attraction of 
the earth) the force represented by the gram-weight <=• 980-6 dynes at 
a latitude of 45* and at sea-level. 

Energy- may be defined as that property of a body which diminishes 
when work is done by the body ; and its diminution is mc.asured by the 
amount of work done. 

Wert Dane is force x distance (the work done by a force is measured 
by the product of the force and the distance through which the point of 
application moves in the direction of the force). The unit of work 
(which is also the unit of energy) is the d>-ne-ccntimctre or erg. The 
pram-centimctrc unit is sometimes used ; i gram-centimetre ■=■ 980-6 
erps ; also the joule (<=■ 10’ ergs) is frequently used, especially in electrical 
work (see below-). 

Patver « rale of doing work, unit, erg per second. 

There are six chief forms of energy ; (1) mechanical energy-, (2) 
volume energy. (3I electrical energy, (4) heat, (s) chemical energy, (6) 

‘ Tlie more important constants made use of in physical chemistry 
are collected here for convenience of reference. ^ 
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raditnt energy. These form* of energy *re mutually cnorertiWe, and 
according to the law of coiuerratioB of energy, there is a de&ute and 
inrariable relationship between the quantity of one kind of energy which 
disappears and that which results. 

The unit of energy, the erg, has already been defined. It u some* 
times convenient to express certain forms of energy in special units, heat, 
for example, tn calories ; tn the following paragraphs the equivalents in 
ergs of these special units are given 

Volupi! Energy is often measured tn htn-otmotpktret. AMien a 
volume fi of a gas expands to the volume a against a etHslant pressure 
p. say that of the atmosphere, the external work done by the gas (gamed) 
IS p (p| -• Oi). The (average) pressure of the atmosphere on umt area 
(f sq. cm.) supports a column of mercuiy 76 cm. high and 1 sq cm tn 
cross-section Hence the pressure on t sq cfn. » x 13*506 >• 1033*3 
grams weight (as the density of mercury is 13 596}, or 1033*3 ^ ^ ** 

1,013,200 dynes As the work done is the pr^uct of the constant pres* 
sure and the increase of s-olume, t lure atmosphere (the work done «hen 
the increase In the volume of a certain quantity of a gas is 1 litre or 
1000 c c.) •• i,oij,2oo X tooo — iyot3,too,oOo ergs. 

E/eetrual Energy u (he product of clectromoUve force and quantity 
of electrloty, and 11 usually measured in tell-eenlemii or jevUi The 
praehta! unit of quantity of elecinoty u the leuhmb ; it u that quantity 
of electneity which under certain conditions liberates o-ooi tiS grama of 
silver from a solution of silver nitrate If a coulomb passes through a 
conductor in I second, the strength of current is i amptrt • the latter is 
therefore the practical unit of strength of current The practical unit of 
resistance is the tkm, which is the resistance at o* offered by a column of 
mercury 106*3 cm. long and weighing 14-4521 grams. The practical unit 
of eleeiroinotive force is the oof/,* when a current of i ampere passes m 
t second through a conductor of resistance I ohm, the electromotive 
force is i volt 

The definitions of the C.O S. units of electromotive force, current 
strength and resistance are to be found in text-books of physics, and 
cannot be pven here. It can be shown that i ohm — to’ C.C S units 
and t ampere ■» i/io CCS unit ; hence, by Ohm's law. i volt — 10* 
CG-S. units Further, i voll-coolomb or i joule » to* x to — * *• to’ 
e.G.S. units or 10’ ergs 

Energy u measured ta calones The mean calone is I/too of 
the amount of beat required to raise t gram of water from o to 100* and 
does not differ much from the amount of beat required to raise 1 gram of 
Water from 15* to i6*. i calone 42,650 gram-ccntimetres •• 41, 830.000 
ergs (the mechanical equivalent of heat) •• 4*183 joules. One joule w 
02391 calories There is no special unit for chemical energy; it u 
usually measured in volt-coulombs or calones 
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In tliis section the centimtlie-grara-sccond (C.G.S.) system of units 
is used throughout, length being measured in centimetres (ons.), mass m 
grams, and time in seconds. 

Dfnrity is mass per unit volume : unit, gram per c.c. (cubic centi- 
metre). 

Sp'HJtc Volume (t/density) is volume per utrit mass: umt, c.c. per 
gram. 

Velocity is rate of change of position ; unit, cm. per see. or cm./scc. 

Aaeleratton is rate of change of velocity : unit, cm. per sec. per sec. 
or cm./sec.’. 

Momentum is mass X velocity ; unit, gram-cm. per sec. 

Force is mass x acceleration (rate of change of momentum). Unit, 
the dyne, is that force ahich is requited to produce an acceleration of t cm, 
per tec. per tec. in a mass of t pram. As a gram-weight, falling freely, 
obtains an acceleration of pSo-b cm. per sec. (owing to the attraction of 
the earth) the force represented by the pram-weight ■=> 980-6 dynes at 
a latitude of 45° and at sea-level. 

F^r.crgy may be defined as that property of a body which diminishes 
when work is done by the body ; and its diminution is mc.-isurcd by the 
amount of work done. 

IVori Done is force x distance (the work done by a force is measured 
by the product of the force and the distance through which the point of 
application moves in the direction of the force). The unit of work 
(svhich is also the unit of energy) is the d)-ne -centimetre or erg. The 
pram-centimetre unit is sometimes used ; j gram-ccntlmctre »» 980-6 
ergs ! also the joule <=> to’ ergs) is frequently used, tspedally in electrical 
work (tee helo-w). 

Fewer is rate of doing work, unit, erg per second. 

There are six chief forms of energy : (1) mechanical cnerg)-, (a) 
volume energy, (3) electrical energy, (4) heat, (5) chemical energy, (6) 

Tlte more important constants made use of in physical chemistry 
ate collected here for convenience of reference. 
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radiant rnergy- These forms of energy are mutually cooTertible, and 
according to the Uw of cotuerration of energy, there is a definite and 
invariable relationship between the quantity of one kind of energy which 
disappears and that which results 

The unit of energy, the erg, has already been defined. It u some- 
times convenient to express certain forms of energy tn special units, heat, 
for example, in calories ; in the following paragraphs the equivalents in 
ergs of these special units are given , 

Ve/um* Energy is often measured in htre-atmeipheret. \Vhen a 
volume t>| of a gas expands to the volume P| against a eenstant pressure 
p say that of the atmosphere, the external work done by the gas (gained! 
is / (r, — pj). The (average) pressure of the atmosphere on unit area 
(l sq cm.) supports a column of mercury 76 on high and 1 sq cm m 
cross-section. Hence the pressure on i sq cm, — 76 x 13 596 •» 1033 3 
grams weight (as the density of mercury is 13 596), or 1033 3 x 9S0 6 = 
1,013.200 dynes. As the work done b the product of the constant pres- 
sure and the increase of volume, i litre atmosphere (the work done when 
the berease in the volume of a certain quantity of a gas U 1 litre or 
1000 c.c) -• J,ot3,200 X 1000 • 1,013,200,000 ergs. 

ffrrfnVaf Energy u the product of etectromotive fotce and quantity 
of electricity, and is usually measured in velhteuhmis or jeules. The 
prvetieal unit of quantity of electnoty ts the eeuUmi ,• it is that quantity 
of clectnaty whi^ under certain conditions liberates o-ooitifi grains of 
silver from a solution of silver nitrate. If a coulomb passes through a 
conductor in t second, the strength of current is 1 ampere ; the Utter is 
therefore the practical unit of strength of current. The practical unit of 
resistance is the aim, which is the resistance at o* offered by a column of 
mercury lod 3 cm. long and weighing 14 4521 grams. The practical unit 
of electromotive force is the velt; when a current of i ampere passes m 
t second through a conductor of resistance t ohm, the electromotive 
force is i volt. 

The definitions of the C G.S units of electromotive force, current 
strength and resistance are to be found in text-books of physics, and 
cannot be given here. It can be shown that i ohm • to* CCS units 
and t ampere •• i/io CCS unit ; hence, by Ohm's law, 1 volt » to* 
CCS. units. Further, i volt-coulomb or 1 joule — 10* x 10 — * •> 10’ 
C.G S. units or lo* ergs 

//eat Energy is measured in calories. The mean calone is i/ioo of 


0-2391 calories. There « no special unit for chemical energy; n is 
usually measured in volt coulombs or calories. 
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Hic value of R, in the general gas equation (p. 34) for a mo! of gas 
gTam-cenlimctres~g3.15O,oo0 crgs-.S-3l5 joules- 1-985 calories 
•« o-o8jo 5 litre-atmospheres. 


USE OF SIGNS IN ELECTROCHEMISTRY 

There has nhvay.s been much confusion in Electrochemistry ns to the 
proper use of positive and negative signs, and even now no general 
agreement has been reached on the .subject. Recently, however, a .simple 
convention has been suggested by the German Eicctrochemica! Society 
(Riinscn-Gcselhchaft) which promisc.s to find general acceptance. The 
foltnliai ihSrrtiict hat the pasUive sign if tht mftnl is charged positively 
ii'ilh respect to the solution, and negative ij the metal it negatively 
charged, when metal and solution are combined with a comparison 
electrode to term a cell (cf. p. 359). In the present book, while this Con- 
vention is adopted for the potential .series of the elements, etc., the 
potential differences arc often given in absolute value and the E.M.F. of 
rombination.s illustrated by the graphic method described on pp, 364, 375, 
387 and elsewhere. As a result of considerable experience, it has been 
found that the graphic method is much mote useful in avoiding errors of 
sign than any convention with regard to the use of signs. 


MOLECULAR MAGNITUDES 


In dealing with molecular magnitudes a system of units, based on 
the Angstrom unit ns unit of length h.as been found very’ convenient t 


Unit of length. A, i Angstrom unit — 10 ~ metres 
Unit of BiCB, A’ 

Unit of volume A* 

Unit of mass 


" 10 - * cm. 

— to " ".sq.cm. 
>-« 10 ■ ** c.c. 

” to grams. 


As .-ilready menliosted (p. 25) the Avogadro number is about 0-6 x I0*‘, 
more accurately, o t>o(j x 10", Using this number it can be deduced 
tfial the wriglu of an individual atom or molecule in Angstrom units is 
1-Os times its atomie or molecular weight. Thus the mass of an atom 
of hydrogen is 1O5 x 1-0075 ~ t bb A.U. 


rite relation between lhi.s system of representing molecular magni 
tildes and that in-licated on p. 321 is ns follows ; 


n ~ to“ ‘ em. ; nn •" to*’ cm. Therefore ;i;i — to A.U. 
The wave-length of fodium light is about 5890 A.U. 



OUTLINES OF 
PHYSICAL CHEMISTRY 

CHAPTER I 

FUNDAMENTAL PRINCIPLES OF CHEMISTRY 
THE ATOMIC THEORY 

Elements and Compoonds — Dcfiniie chemical substances are 
divided into the two classes o( elements and chemical compounds. 
Boyle, and later Lavoisier, defined an element as a substance 
which had not so far been split up into anything simpler. The 
substances formed by chemical combination of two or more 
elements were termed chemical compounds This definition 
proved to be a very suitable one, and retained its value even 
when many of the substances classed as elements by Lavoisier 
proved to be complex. In course of time it came to be recog* 
nized that the substances which resisted further decomposition 
possessed certain other properties m common, for example, the 
so-called atomic heat of solid elements proved to be approxi- 
mately 6-4 (p lo), and it was found possible to assign even 
newly-discovered elements with more or less certainty to their 
appropriate positions in the periodic table of the elements 
(p. 22). There ate, therefore, conclusive reasons, apart from the 
fact that they have so far resisted decomposition, for regarding 
elements as of a different order from chemical compounds, and 
these reasons remain equally valid when full allowance is made 
for the remarkable discoveries of the last few years m this branch 
of knowledge. 

Until lately no case of the transfofination of one element into 
another was known, but recent work on radium, by Ramsay and 
Soddy and others, has shown that tWs element is continuously 
unde^oing a scries of transformations, one of the final products 
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of which is the inactive gas helium. It might at first sight be 
supposed that the old view of the unpossibility of transforming 
the elements could be maintained, radium being looked upon as a 
chemical compound of helium vrith another clement, but further 
consideration shows that this suggestion is not tenable, as radium 
fits into the periodic table, and, so far as is known, possesses all 
those other properties which have so far been considered charac- 
teristic of elements as distinguished from chemical compounds. 

Evidence is gradually accumulating which indicates that the 
slow disintegration, with final production of other elements, is 
not confined to radium alone, but is shown more particularly by 
certain elements of high atomic weight such as uranium and 
thorium. It is true that the change is spontaneous, as so far 
there is no known means of initiating it or even of influencing 
its rate, but further progress in this direction is doubtless only 
a matter of time. As the phenomenon in question is probably 
a general one, it seems desirable to retain the term *' clement " 
to indicate a substance which has a definite position in the 
periodic tabic, and has the other properties usually regarded as 
characteristic of elements. 

From what has been said, it will be evident that it is difficult 
to define an clement in a few words, but in practice there will 
probably not be much difficulty in drawing the distinction 
between elements and compounds. Ostwald ’ (IQO?) defines an 
element as a substance which only wereases in weight as the 
result of a chemical change, and which is stable under any 
•attainable conditions of temperature and pressure, but in this 
definition the question of radio-active substances is left out of 
account. 

Laws oI Chemical'’ Combination— Towards the end of the 
eighteenth century, Lavoisier established c.\-pcrimentally the law 
of the con.ccrvation of mass, which may be expressed as follows : 
When a chemical change occurs, the tola! weight {or mass) of the 
reading substances is equal to the total weight {or mass] of (he 
products. As the weight is proportional to the mass or quantity 
of matter, the above law may also be stated in the form that 
the total quantity of matter in the universe is not altered in 

’ Prinzigifn drr Cfitnte, Lcipiig, 19.37, p, j 66. 
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consequence of chemical (or any other) changes. 1 It is, of course, 
impossible to prove the law with absolute certainty, but the 
fact that in accurate atomic weight determinations no results 
in contradiction with it have been obtained shows that it is 
valid at least within the limits of the unavoidable experimental 
error. 

The enunciation of the law of the conservation of mass by 
Lavoisier, and the extended use of the balance, facilitated the 
investigation of the proportions in which elements combine, and 
soon afterwards the first law of chemical combination was estab- 
lished by the careful experimental investigations of Richter and 
Proust. This law is usually expressed as follows : — 

A definilt compound always contains the same elements in the 
same proportions. 

The truth of this law was called in question by the famous 
French chemist Berthollet. Having observed that chemical 
processes are greatly influenced by the relative amounts of the 
reacting substances (p. 162), he contended that when, (or 
example, a chemical compound 1$ formed by the combination 
of two elements, the proportion of one of the elements in the 
compound will be the greater the more of that element there 
is available. This suggestion led to the famous controversy 
between Berthollet and Proust (1799-1807), which ended in 
the firm establishment of the law of constant proportions. It 
is only within the last few years that the strict accuracy of the 
law of constant composition has been called in question (p. 4). 

In certain cases, elements unite in more than one proportion 
t o form definite chemical compounds. Thus Dalton found by 
analysis that two compounds of carbon and hydrogen — methane 
an^thylen_e — contain the elements in the ration 6 : 2 and 6 : i 
by weight respectively ; m other words, for the same amount of 
carbon, the amounts of hydrogen are in the ratio 2 ; l. Similar 
simple relations were observed for other compounds, and on 
this experimental basis Dalton (1808) formulated the Law of 
Multiple Proportions, as follows i — 

IPhen ftco elements unite tn more ihon one pToporiton, for a 
fixed amount of one element there is a simple ratio between the 
amounts of the other element 

Dalton’s experimental results were not of a bieh order of 
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accur.vcy, l>til tlic validity of the bw was proved by the subse- 
(UH-iU invcr.tii’.ations of Berzelius, Marignac, and Olliers.^ _ 
Finally, there is a third comprchcrrsivc law of combination, 
which includes the other two as special eases. It has been 
found possible to ascribe to e.acli element a definite relative 
wcif.ht, with whicli it enters into chemical combination. The 
Law of Combintnp, Proportions, whicli expresses this conception, 
is as follows : — 

HUinasts combine in ike. ratio of their combining weights, or in 
simgtr multiples of this ratio. 

The conibiiiinc; wciplils arc found by analysis of definite com- 
pounds containinp the elements in question. When the com- 
bininp weipht of iiydropen is taken as unity, the approximate 
values for chlorine, oxypen and sulphur arc 35>5, 8 and l6 re- 
spectively. These numbers also represent the ratios in which 
lltc clcnienis displace e.ach other in chemical compounds. Water, 
for example, contains 8 [larts by wciglil of oxygen to l of hydro- 
pen, and wlicn the former element is displaced by sulphur (form- 
ing hydropen sulphide) the new compound is found to contain 
t6 parts hy weiplu of the latter ckmcnl. l6 parts of sulphur 
arc therefore equivalent to 8 parts of oxypen, and the combining 
weights arc tlicreforc often icnncd chemical equivalents. The 
chemical cipiivalcnt of an element is that quantity of it which 
eonibinr.s with, or displaces, one part (strictly l-ooS parts) by 
weight of hydropen {cf. p. lO). 

It must lie clearly understood th.at the .above pcncralizalions 
or l.aw.s arc purely cxpcriincnt.\l ; they express in a simple form 
the results of tiic invcstipations of many chemists on the com- 
hininp powers of the elements, and arc quite independent of 
any hypothc.sis as to the constitution of matter. Until recently 
the most careful invcstipations, in the course of atomic weight 
determinations, failed to sliow any deviation from the results 
to be expected accordinp to llic laws. The discovery that 
many chcmiral elements are. mixtures of i.sotopcs (p. 28), the 
relative proportions of wiiich may vary, lends to the conclusion 
th.at the law of constant proportions cannot be strictly accurate 
but so f.vr very few exceptions have been found.' 

' I-. W. Aitoa, cfiht Chtni.at Scckty f.-r p. 343. 
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Atoms and Molecules — ^The question now arises as to whether 
a theory can be suggested which allows ofa convenient and 
consistent representation of the laws enunciated above. The 
atomic theory, first brought forward in its modem form by 
Dalton (r8o8), answers these requirements. Following out an 
idea of the old Greek philosophers, Dalton suggested that 
matter is not infinitely divisible by any means at our disposal, 
but is made up of extremely small particles termed atoms ; the 
atoms of any one element are identical in all respects and differ, 
at least in weight, from those of other elements. By the 
association of atoms of different kinds, chemical compounds 
are fomied. The laws of chemical combination find a simple 
explanation on the atomic theory. Since a chemical compound 
is formed by the association of atoms, each of which has a 
definite weight, it must be of invariable composition. Further, 
when atoms combine in more than one proportion, for a fixed 
amount of atoms of one kind the amount of the other must in* 
crease in steps, depending on the relative atomic weight—which 
is the law of multiple proportions. It is here assumed that 
the ultimate particles of a compound are formed by the associa* 
tion of comparatively few atoms, and this holds m general for 
inorganic compounds. Finally, the Jaw of combining weights 
is also seen to be a logical consequence of the atomic theory, 
the empirically found combining weights, or chemical equiva* 
lents, bearing a simple relation to the (relative) weights of the 
atoms (p. 14). 

When Dalton brought forward the atomic theory, the number 
of facts which it had to account for was comparatively small. 
As knowledge has progressed, the atomic theory has proved 
capable of extension to represent the new facts, and its appllca* 
tion has led to many important discoveries. At the present 
day, the great majority of chemists consider that the atomic 
theory has by no means outgrown its usefulness 

Fad. Generalisation or Natora! Law. Hn>olhesis. Theon^* — 
Chemistry, like most other science?, is based on facts, es- 
tablished by experiment. A few such facts have alrc.ndy been 

' n. Poincari, Xa tt Pan*, Klammarion ; OilwaW, 

IWltruftftn tier Natvrfhtlosepkit, Lcip2i£. 1902; Alfzaotlrr Smitti. 
Gtnrra} luornnie CitMittry, London, 1006 
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gases, which is and will remain unknown to us, is represented, 
according to the kinetic theory, in terms of an enormous number 
of rapidly moving perfectly elastic particles, and on this basis 
it is possible, with the help of certain assumptions, to deduce 
some of the laws which are actually followed by gases (p. 38). 

There docs not appear to be any fundamental distinction in 
the use of the terms hypothesis and theory, A theory may be 
defined as a hypothesis, many of the deductions from which 
have been confirmed by escperiment, and which admits of the 
convenient representation of a large number of experimental 
facts. 

There is some difference of opinion as to the value of 
hypotheses and theories for the advancement of science.' The 
majority of scientists, however, appear to consider that the 
advantages of hypotheses, regarded in the proper light and not 
as representing the actual state of affairs, are much greater than 
the disadvantages. Boltzmann,* indeed, maintains that " new 
discoveries are made almost exclusively by means of special 
mechanical conceptions.*' 

DETERMINATION OF ATOMIC WEIGHTS 

General— After the laws of chemical combination had been 
established, the next problem with which chemists had to deal 
was the determination of the relative atomic weights of the 
elements. This might apparently be done by fixing on one 
element, say hydrogen, as the standard ; a compound contain* 
ing hydrogen and another element may then be analysed, and 
the amount of the other element combined with one part of 
hydrogen will be its atomic weight. It is clear, however, that 
this will be the case only when the binary compound contains 
one atom of each element, and it was just this difficulty of 
deciding the relative number of atoms of the two elements 
present that rendered the decision between a number and one 
of its multiples or sub-multiples so difficult. 

It has already been pointed out that the amount of an ele- 
ment which combines with, or displaces, i part by weight of 

I Oitwftld hu treated certain branches of chemisuy on a system free from 
hypotheses. 

* Cat Thtertty Leipxig, l8o<>, p 4 
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hydrogen (strictly speaking, 8 parts by weight of oxygen) is 
termed the combining weight or chemical equivalent of an ele- 
ment. The first step in determining the atomic weight of an 
clement is to find the chemical equivalent as accurately as 
possible by analysis and then to find the relation between the 
atomic weight and chemical equivalent by one of the methods 
described below. The atomic weight may be equal to, or a 
simple multiple of, the chemical equivalent. 

Dalton, working on the assumption that when two elements 
unite in only one proportion one atom of each is present, drew 
up the first table of atomic weights. Water was found by 
analysis to contain I part of hydrogen to 8 parts of oxygen by 
weight ; the atomic weight of oxygen was therefore taken as 8. 
In the same way, since ammonia contained l part of hydrogen 
to 4-6 parts of nitrogen, the atomic weight of the latter element 
was taken as 4-6. Great advances in this subject were then 
made by the Swedish chemist Berzelius. For fixing the pro- 
portional numbers, he depended to some extent, like Dalton, 
on the assumption of simplicity of composition, but was able 
to check the numbers thus obtained by the application of Gay- 
Lussac's law of volumes and Dulong and Petit’s law. Later 
still, the discovery of isomorphism by Mitscherlich afforded yet 
another means of checking the atomic weights. Besides these 
physical methods, chemical methods may also be used for fixing 
the atomic weights of the elements. Each of these methods 
will now be shortly referred to. 

[a) Voltmetric Method, Gay-Lussac’s Law oi Volumes, 
Avogaflro’s Hypothesis — Gay-Lussac, on the basis of an ex- 
tensive series of experiments on the combining volumes of gases, 
established the law of gaseous volumes, which may be expressed 
as follows : — 

Casts combine in simple ratios by volume, and the volume of 
the gaseous product bears a simple ratio to the volumes of the re- 
acting gases, ivhen measured under the same C07idil{07is. 

A few years before, the same chemist had discovered that 
all gases behave similarly with regard to changes of pressure 
< and temperature, and this fact, taken in conjunction with the 
law of volumes and the atomic theory, seemed to point to some 
Simple relation between the number of particles in equal volumes 
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of different gases. Berzelius suggested that equal volumes of 
diflcrcnt gases under corresponding conditions of temperature 
and pressure, contain the same number of atoms. It was soon 
found, however, that th!rassufflption‘w^TIntenable,'and the 
view held at the present day was first enunc iated by the Italian 
physicist Avoga’drS He drew a distinction between aioms, the 
small«t particles which can take'parfln'ch'cmlcal ch‘angw7 arid 
molecules, the smallest particles which can exist in a free con- 
dition, and expressed his hypothesis as follows 

Equal volumes of all gases, under the same conditions of tern’ 
peraiure and pressure, contain the same number of molecules. 

In expressing the results of determinations of the densities 
of different gases, hydrogen, as the lightest gas, is taken as 
standard, and the number expressing the ratio of the weights 
of equal volumes of another gas (or vapour) and hydrogen, 
measured under the same conditions, is the density of the gas 
(or vapour density in the case of a vapour) From Avogadro's 
hypothesis it follows at once that the ratio of the vapour densities 
of another gas and hydrogen, being a companson of the relative 
weights of an equal number of molecules, is also the ratio of the 
molecular weights. It is usual to refer both atomic and mole- 
cular weights to the atom of hydrogen as unity,* and therefore 
the molecular w'Cight, being referred to a standard half that 
to which the vapour density is referred, is double the vapour 
density. 

When the molecular weight is known, it is a comparatively 
simple matter to establish the atomic weight. As an example, 
we may employ the volumetric method to fix the atomic weight 
of beryllium, a matter of great historical interest. It was found 
by analysis that beryllium chloride contains 4*55 parts of beryl- 
lium to 35'5 parts of chlorine by weight ; in other words, the 
chemical equivalent of berylliuni is 4-55 If beryllium be re- 
garded as a bivalent metal (p. 14), the formula for the chloride 
will be BeClj, and its atomic weight 2 X 4-55 = 9*1. If, how- 
ever, it is trivalent, the formula for the chloride must be BeClj. 
and, to obtain the ratio for Be: Cl found experimentally, its 
atomic weight must be 4-55 X 3 = I3'd5- The vapour deasits* 
of the chloride was determined by Nilson and Petterson, and free 

* Strictl}r tpcakmg, to tbe atom of oxygen at 16 (p. lO- 
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the result the molecular weight calculated as 8o-I. The mole- 
cule of beryllium chloride cannot therefore contain more than 
35'5 X 2 ~ 71 parts of chlorine, the formula for the chloride is 
BeCU, and the atomic weight of beryllium 9-1. 

The determination of atomic weights by the volumetric 
method thus reduces to findwg the smallest quantity of an 
element present in a molecule, referred to the atom of hydrogen 
as unity. If the molecular weights of a large number of volatile 
compounds containing a particular element arc determined, it 
is practically certain that at least some of the compounds will 
contain only one atom of the clement in question, and the pro- 
portion in which the clement is present in these compounds is 
its atomic weight. In the above example, for instance, it has 
been assumed that only one atom of beryllium is present in 
the molecule of beryllium chloride of weight 80‘1, and the 
justification for this assumption is that no compound is known 
the molecule of which contains less than 9- 1 parts of beryllium. 
It is clear that the numbers thus obtained arc maximum values, 
and the possibility is not excluded that the true values may 
be fractions of those thus arrived at. The values generally 
accepted are, however, confirmed by so many independent 
methods that every confidence can be placed in their trust- 
worthiness. 

(t) Dolong and Petit’s Law— In 185B, the French chemists 
Dulong and Petit enunciated the important law that for solid 
elements the product of the specific heat and atomic weight is 
constant, amounting to about 6-4. This law is a very striking 
one when the great differences in the magnitude of the atomic 
weights arc taken into account. Thus, the specific heat of lead 
—the ratio of the quantity of heat required to raise I gram 
of the metal t® in temperature to that required to raise the 
temperature of the same weight of water t° — is 0'03i, and its 
atomic weight 207, the product being 6-4 ; whilst for lithium, 
with a specific heat of 0-9 and an atomic weight of 7, the 
product is 6-3. Since quantities of the different elements in 
the proportion of their atomic weights require the same amount 
of heat to raise the temperature by a definite number of degrees, 
the law may also be expressed as follows : The atoms of all 
elements have the same capacity for heat. 
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other -words, the viokatlar beats of similarly constituted com* 
pounds in the solid state are equal. In 1864, Kopp extended 
Neumann's la-w by showing that the molecular heat of solid 
compounds is an additive property, being made up of the sum 
of the atomic heats of the component atoms. It follows that 
in certain cases atoms have the same capacity for heat before 
and after entering into chemical combination. For example, 
the specific heat of calcium chloride is 0*174, the molecular 
heat is therefore 0*174 X in == 19*3, and the atomic heat of 
each atom 6*4. 

This law may be used to estimate the atomic heats of sub- 
stances which cannot be readily investigated in the solid form. 
The atomic heat of solid oxygen in combination is about 4*0 and 
of solid hydrogen 2*3. 

(c) Isomorphism — Mitschcrlich observed that the correspond- 
ing salts of arsenic acid, HjAsO^, and phosphoric acid, H3PO4, 
crystallize with the same number of molecules of water, are 
identical, or nearly so, in crystalline form, and can be obtained 
from mixed solutions in crystals containing both salts, so-called 
mixed crystals. On the basis of these and similar observations, 
Mitschcrlich established the Law of Isomorphism, according to 
'which compounds of the same crystalline form are of analogous 
constitution. Thus, when one clement replaces another in a 
compound without altering the crystalline form, it is assumed 
that one clement has displaced the other atom for atom. The 
replacing quantities ‘of the different elements are therefore in 
the ratio of their atomic weights, and if the atomic weight of 
one of them is known, that of the other can be calculated. 
This principle was largely used by Berzelius for fixing atomic 
w'cights before the establishment of Dulong and Petit’s law, and 
afforded a welcome corroboration of those obtained by the use 
of the law of volumes. The converse to the law of isomorphism 
docs not hold, as elements may displace one another atom for 
atom with complete alteration of crystalline form. 

The principle of isomorphism is, however, somewhat indefinite, 
inasmuch as even the most closely related compounds arc not 
completely identical in cjystallinc form, and it is difficult to 
decide where the line between similarity and want of similarity 
is to be drawn. Thus the corresponding angles for the naturally 
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occurring crj’StaU of the carbonates of calcium, strontium and 
barium are: Aragonite, n6" lo'; Strontianite, 117" I9'; 
Witberite, 118*30'. Tutton,* from a careful comparative study 
of the sulphates and selenatcs of potassium, rubidium and 
caesium, has shown that each salt has its own specific interfaciaJ 
angle, but the differences produced by displacing one metal 
of the alkali series by another docs not exceed 1* of arc, and is 
usually much less. The three most important characteristics 
for the establishment of isomorphism are ; — 

(r) The capacity of forming mixed crystals- The miscibility 
must be complete, or within fairly wide limits of concentration. 

{2) Similarity of crystalline form, which must include at least 
approximate agreement in the values of the geometrical con* 
slants. 

(3) The capacity of crystals of one substance to Increase in 
she in a saturated solution of the other. 

(d) DefennmatiQQ of Atomic Weights by Chemical Methods— 
It is evident from the considerations advanced in the section 
on the determination of atomic weights by volumetric methods 
(p. 9) that if the composition of a binary compound containing 
one Of more atoms of an clement such as hydro^n or chlorine 
for each atom of an element of unknown atomic weight has been 
determined by analysis, and if, further, the relative number 
of atoms of hydrogen or chlorine present is known, the atomic 
weight of the other element can at once be calculated In the 
case of beryllium chloride, it has been shown that the number 
of chlorine atoms present can be determined by a physical 
method (p 9), but such determinations can sometimes be made 
by purely chemical methods. As an illustration, we will con- 
sider the determination of the atomic weight of ox>'gcn. Analysis 
shows that water contains approximately i part of hydrogen to 
B parts of oxygen by weight If the molecule of water contains 
one atom each of hydrogen and oxygen, its formula must be 
HO and the atomic weight of oxygen will be 8 ; if, on the 
other hand, two atoms of hydro^n are present, the formula 
must be H ,0 and the atomic weight of ox>’gen must be 16 in 
order to obtain the ratio between the weights 0/ the elements ( 
found experimentally. It has been found that by the action 
» Setfuf Prtertft, 1906, 1 , p. 91- 
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other words, the molecular heals of similarly constituted com- 
pounds in the solid state are equal. In 1864, Kopp extended 
Neumann’s law by showing that the molecular heat of solid 
compounds is an additive property, being made up of the sum 
of the atomic heats of the component atoms. It follows that 
in certain cases atoms have the same capacity for heat before 
and after entering into chemical combination. For example, 
the specific heat of calcium chloride is 0-174, tlie molecular 
heat is therefore 0-174 X ni = 19-3. and the atomic heat of 
each atom 6-4. 

This law may be used to estimate the atomic heats of sub- 
stances which cannot be readily investigated in the solid form. 
The atomic heat of solid osrygcn in combination is about 4-0 and 
of solid hydrogen 2-3. 

(c) Isomorphism — Mitscherlich observed that the correspond- 
ing salts of arsenic acid, HjAsO^, and phosphoric acid, H3PO4, 
crystallize with the same number of molecules of water, are 
identical, or nearly so, in crystalline form, and can be obtained 
from mixed solutions in crystals containing both salts, so-called 
mixed crystals. On the basis of these and similar observations, 
Mitscherlich established the Law of Isomorphism, according to 
which compounds of the same crystalline form arc of analogous 
constitution. Thus, when one element replaces another in a 
compound without altering the crystalline form, it is assumed 
that one clement has displaced the other atom for atom. The 
replacing quantities of the different elements are therefore in 
the ratio of their atomic weights, and if the atomic weight of 
one of them is known, that of the other can be calculated. 
This principle was largely used by Berzelius for fixing atomic 
weights before the establishment of Dulong and Petit’s law, and 
afforded a welcome corroboration of those obtained by the use 
of the law of volumes. The converse to the law of isomorphism 
docs not hold, as elements may displace one another atom for 
atom with complete alteration of crystalline form. 

The principle of isomorphism is, however, somewhat indefinite, 
inasmuch as even the most closely related compounds are not 
completely identical in ciystaliine form, and it is difficult to 
decide where the line between similarity and w-ant of similarity 
IS to be drawn. Thus the corresponding angles for the naturally 
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occurring crystals of the carbonates of calcium, strontium and 
barium are: Aragonite, It 6 * 10'; Strontianitc, 117® 19'; 
WJthcrite, 1 18® 30'. Tutton,' from a careful comparative study 
of the sulphates and sclenates of potassium, rubidium and 
caesium, has shown that each salt has its own specific interfacial 
angle, but the differences produced by displacing one metal 
of the alkali series by another does not exceed 1° of arc, and is 
usually much less. The three most important characteristics 
for the establishment of isomorphism ate ; — 

(1) The capacity of forming mixed crystals. The miscibility 
must be complete, or within fairly wide limits of concentration. 

(2) Similarity 0! crystalline form, which must include at least 
approximate agreement in the values of the geometrical con- 
stants. 

(3) The capacity of crystals of one substance to increase in 
sise in a saturated solution of the other. 

(d) Detennination ol Atomic Weights by Chemical Methods— 
It is evident from the considerations advanced in the section 
on the determination of atomic weights by volumetric methods 
(p. 9) that if the composition of a binary compound containing 
one or more atoms of an element such as hydrogen or chlorine 
for each atom of an clement of unknown atomic weight has been 
determined by analysis, and if, further, the relative number 
of atoms of hydrogen or chlorine present is known, the atomic 
weight of the other element can at once be calculated In the 
case of beryllium chloride, it has been shown that the number 
of chlorine atoms present can be determined by a physical 
method (p. 9), but such determinations can sometimes be made 
by purely chemical methods As an illustration, we will con- 
sider the determination of the atomic weight of oxygen Analysis 
shows that water contains approximately i part of hydrogen to 
8 parts of oxygen by weight. If the molecule of water contains 
one atom each of hydrogen and oxygen, its formula must be 
HO and the atomic weight of oxygen will be 8 ; if, on the 
other hand, two atoms of hydrogen are present, the formula 
must be HjO and the atomic weight of oxygen must be 16 in 
order to obtain the ratio between the weights of the elements 
found experimentally. It has been found that by the action 

' SeuMi Pregrttt, 1906, 1, p. 91. 
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oi metallic sodium half the hydrogen in water can be displaced, 
and as by definition atoms are indivisible, this indicates that 
"the molecule of water contains two (or a multiple of two) atoms 
of hydrogen. The (probable) formula for water is therefore 
H.O and the atomic weight of oxygen l6. 

‘it will be evident that, as in the case of the volumetric method, 
the value thus obtained for the atomic weight is a maximum , 
and further experiments are necessary to fix the value definitely. 

Relation between Atomic Weights and Chemical Equiva- 
lents. Valency — The exact proportions in which the elements 
enter into chemical combination are determined by analysis, 
and the numbers thus obtained, referred to a definite stan- 
dard, represent, according to the atomic theory, the atomic 
weights, or simple multiples or submultiplcs of the atomic 
weights, of the respective elements. The choice between several 
possible numbers is based on the methods discussed in the fore- 
going paragraphs, more particularly on Avogadro’s hypothesis, 
and the (act that these independent methods give the same 
values affords strong evidence that the numbers thus obtained 
are the true ones — a view which obtains still further support 
from the periodic classification of the elements due to Men- 
del£'ciT(i869). 

The ordinary chemical formula; with which the student is 
familiar arc based on the atomic weights thus obtained. For 
c,xamplc, the formulx of a number of compounds containing 
only hydrogen and one otiicr clement arc as follows: HCi, 
H.O, NHj, CM^. It is evident from these formula: that the 
power of different elements to combine with hydrogen is very 
different; whilst one atom of chlorine combines with only one 
atom of hydrogen, one atom of carbon can become associated 
with no less than four atoms of hydrogen. The combining 
capacity of an clement for hydrogen or other univalent element 
is termed the valency of an clement, chlorine being a univalent 
and carbon a quadrivalent element. A little consideration of 
the above formula: will make clear the relationship between the 
atomic weight and the chemical equivalent of an clement. It 
is clear that an amount of one element cquiv.alent to its atomic 
weight may combine with (or displace) I, 2, 3 or more parts 
0. hjdrogcn by weight, depending on its valency. Since the 
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chemical equivalent of an element is that amount of it which 
can combine with or displace one part by weight of hydrogen it 
follows that 

Atomic weight rT. • 1 • 1 ^ 

— — 2 — s= Chemical equivalent. 

Valency 

As has been indicated in the foregoing paragraphs, the atomic 
weight and the chemical equivalent are often determined more 
or less independently and the quotient of the two values is the 
valency. In other eases, however (for example, the volumetric 
method and the chemical method), the chemical equivalent and 
the valency arc determined, and the product of the two is the 
atomic weight. 

The Valaes 0! the Atomic Weights— After the establishment 
of the law of multiple proportions and the formulation of the 
atomic theory by Dalton, it became a matter of the utmost in- 
portance for chemists to determine the atomic weights of the 
elements with the greatest possible accuracy This task was 
undertaken by Berzelius, who, in the course of about six years 
(l8iO'i8id), fixed the combining weights of most of the known 
elements. Since then, the determination of atomic weights 
has proceeded regularly, but on two occasions a special impulse 
was given to these investigations. The first occasion was a 
suggestion by Prout that the atomic weights are exact multiples 
of that of hydrogen The idea underlying this assertion was 
' that hydrogen is the primary element, the other elements being 
formed from it by condensation. The results of Berzelius 
were incompatible with Prout’s hypothesis, but as the atomic 
weights of certain elements undoubtedly approximated to whole 
numbers, Stas made a number of atomic weight determinations 
with a degree of accuracy which has only been improved upon 
in quite recent times. The results obtained by Stas completely 
disposed of Prout’s hypothesis m its original form (cf. p. 

The second event which stimulated atomic weight investiga- 
tions was the development of the periodic classification of the 
elements. In certain cases, the order of the elements, arranged 
according to their atomic weights, did not correspond with their 
chemical behaviour, and Mendeldeff asserted that in these c^es 
the commonly accepted atomic weights were inaceu^* * ^ 
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Tho PcriotVic Syslcm— U was early observed Ibat tbere arc 
some remarkable relationships between the magnitude of the 
nKMuic weights of the elements and their chemical behaviour. 
The most important observation in this connection is that the 
iliflerenccs in the atomic weights of successive members of the 
same, group of elements arc approximately t6 or a multiple of 
that number. Tims for the. halogen group, F = !<), Cl ~ 55 ’ 5 ) 
Hr ■ - So, Ir-r J27, the differences between each element and 
its immediate predecessor arc i6‘5, .).p5 and respectively, 
the latter two numbers being approximately 3x16. Further, 
for the member.s of the alkali group, Li = 7, Na 23, K 39, 
Ub 85-5, Cs— I52‘9, the dilTcrcnces arc iC, 16, 46'5 and 
•t/-: respectively. 

In t8(i.g a consider.xble advance was made try the linglish 
chemist Rewlaiuls, which is suminarir.cd in the law of octaves. 
He pointed out that when the elements, beginning with lithium, 
are arranged in the order of ascending atomic weights, there is a 
gr.idual variation in properties till the eighth element is reached ; 
this element (sodium) shows a strong rescmldancc to the, first 
element, lithium, the ninth element, magnesium, is similar in 
cheiuieal behaviour to hcrylUum, and so on. The first fourteen 
elements may therefore he arranged as follows; — 

Lb-7 llc'-Q lb-, u C~iJ N--J.} 0~]6 F=^I9 
Na--23 Mg-t~2.t Ab-27 Si=;2S l'~3i S— 32 Cl5=35-5 

.and the elements wliich show similar chemical behaviour arc 
thus brought into the same vertical row. On these lines, but 
without any knowledge of the views of Ncwlaiuls, a complete 
system for classifying the elements, termed the periodic syslcm 
was later developed by MciulcRefT. The system is based on 
the ob'-rrvaiion that when the elements arc arranged in the 
Older of a<;ce!uUng atomic weights, elanents trilh smilnr rhi-»iu-tr, 
f'U'f'i'ittfs rernr nf rf^ular 

Tin- arcompanying table (p. ip), in which the atomic weight.- 
are only aj'jttosimaie, i.-i pr.iclic.ally the same as that proposei 
migmaUy by MendelerfT. Sl.ariing with helium w 4 (whicl 
W.v; unknown in Ncwbnds' li„,c) we have the arrnngcmcm 
shown m the first line of the table, in which the iwoncrtic; 
v.ity regutarty from the first member to fluorine. The ncx 
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clement, neon — 20, is an inactive gas, and is therefore placed 
below helium, sodium falls into its proper place below lithium, 
and so on. The first and second periods possess 8 elements 
each. A third period is started with potassium, but in this case 
it is neccssar%' to pass over l8 elements before another metal 
(rubidium), bearing a close resemblance to potassium, is reached. 
Such a period of l8 elements is termed a long period in contrast 
to the tv.’o skorl periods of 8 elements each. The whole table 
is made up of two short and five long periods, but four of the 
long periods are incomplete and the last one contains only four 
elements. Each of the long periods is divided into the even 
scries of elements (in the upper line) and the odd series (in the 
lower line). There is a close resemblance between the elements 
in the even series in the same vertical row (e.g. potassium, 
rubidium, caesium), and a similar resemblance among the 
elements in the odd scries (e.g. copper, silver, gold), but this does 
not hold when all the elements in a vertical group are com- 
pared [e.g. potassium, copper, rubidium, silver). The positions 
, of the elements in the periods are fixed by their chemical re- 
lationships with those above them (in the vertical rows), and it 
is assumed that the blanks indicate the positions of elements 
which have not yet been discovered. The arrangement of the 
three intermediate elements in each of the first three long 
periods presented a certain difficulty, and MendeHef! put them 
in a group by themselves, the so-called eighth group (group vni. 
in the table). 

A study of the elements arranged as above reveals many 
striking regularities. Thus the valency with regard to hydrogen 
increases rcgul.irly up to the middle of a short period and then 
falls by steps to unity, whilst the valency for oxygen increases 
regularly from the beginning to the end of a period. Helium and 
the elements in the same vertical row do not enter into chemical 
combination, and may thenfore be regarded as having zero 
valency. The valency relations in the long periods are not 
quite so regular, being complic.ated by the fact that most of 
tnc elements have several valencies. 

Idany of the physical properties of the elements, such as the 
mclting-pomt,^ the atomic volume and the density, also vary 
regularly within each period. For example, the melting-points 
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in the 6rst series gradually rise from helium to carbon and fall 
again to fluorine, and similarly the elements of highest melting- 
point (iron, cobalt, nickel, etc.) occur in the middle of the 
long periods. Besides this variation of physical properties in 
the horizontal series, there is a similar, but much less marked, 
variation in the vertical senes ; in the case of the alkali metals, 
for example, there is a gradual fall in the melting-point from 
lithium to caesium. 

Not only the physical properties, but also the chemical 
properties of the elements vary regularly within the periods. 
Thus the elements on the extreme left hand of the table are 
inactive gases, those in the second group decompose water and 
are strongly electropositive, at the middle of the period they 
appear to be electrically indifferent (carbon, silicon) and towards 
the right hand strongly electronegative. 

The statements in the last three paragraphs are summarized 
in the periodic law, due to MendcHeff, which may be expressed 
as folloti.'s : Tht propertUs of the elements, as well as the proper- 
ties of tketr compounds, are periodic functions of the atomic 
teeighls. 

The arrangement of the elements according to the periodic 
system is not in all respects satisfactory. Copper, silver and 
gold do not fit very well into their positions beside the alkali 
metals, and it has been suggested that they belong more pro- 
perly to the eighth group, coming after nickel, palladium and 
platinum respectively. Further, the atomic weight of argon 
is greater than that of potassium, but the former clement must 
undoubtedly precede the latter in the periodic table. Again, 
the chemical behaviour of nickel indicates that it should precede 
cobalt in the periodic table, whereas its atomic weight is some- 
what greater than that of the latter clement. The question 
which has raised most discussion in this connection, however, 
is the relative position of tellurium and iodine Although from 
its chemical relationships the latter element must follow tel- 
lurium, yet experiment shows that the atomic weight of tel- 
lurium is greater than that of iodine. It is at first natural to 
suppose that there must have been some mistake in determining 
the atomic weights, but the recent work of Ladenburg, Puccini, 
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Kothncr, Brcrcton Baker ^ and others leave practically^ no 
room for doubt that the facts arc as stated. It is unquestion- 
able that the periodic system is of great value, but the above 
considerations indicate that it is only a first approximation to 
a satisfactory system. As shown in tlic following sections, a 
fuller understanding of the periodic system has been gained in 
recent years as a result of different lines of investigation bearing 
on the structure of the atom. 

The periodic system is of use mainly in three ways : — 

(a) As a system of classification which indicates in a fairly 
satisfactorj' way the chemical and physical relationships of the 
elements, 

{b) For predicting the existence and properties of elements 
hitherto undiscovered. 

[c) For enabling us to fix the correct values of the atomic 
weights of elements which do not form volatile compounds. 

When the periodic system was first brought forward, there 
were more blanks in the tabic than there arc at the present day, 
and MendcEeff not only suggested that the positions of these 
blanks corresponded with hitherto undiscovered elements, but 
even foretold the properties of the missing members of the 
scries from the known properties of the elements near them in 
the periodic tabic. It is an interesting historical fact that within 
a few years three of the blanks had been filled by elements — 
gallium {1875), scandium (1879), germanium (1886)— having in 
all respects the properties foretold by Mcndelccff. 

1 he use of the periodic system for fixing atomic weights will 
be readily understood from the foregoing. When the equivalent 
of the element has been determined, it is usually possible to 
decide which multiple of it is to be taken, as there rvill in genera! 
be only one position in the table into which the clement can 
be satisfactorily fitted. 

Tho Structuie oi the Atom. Electrons — Within the last thirty 
years fundamental advances have been made in our imowlcdgc 
of the structure of the atom which have thrown an entirely new 
light on the periodic law. The discovery of Rbntgcn or X-rays 
by ROntgen in 1893, the study of electric discharge through 

’ T ram. Chtm. See., 1907, 81 , 1849. 
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gases by J. J. Thomson and others since 1895, and the investiga- 
tion of the phenomena of radioactivity first noticed by Becquerel 
in 1896, have all contributed to our present conceptions on this 
subject. 

When an electric current at high potential is passed through 
a gas at very low pressure charged particles are shot off from 
the cathode. The more important properties of these cathode 
rays ore as follows ; — 

(1) They travel in straight lines normal to the surface of the 
cathode and cast a shadow of an opaque object placed in their 
path. 

(2) They may be deflected from their normal rectilineal course 
by electromagnetic and electrostatic fields. 

(3) They arc negatively charged, as shown, for example, by 
the fact that they discharge a positively charged electroscope. 

(4) They act as nuclei for the condensation of supersaturated 
vapours, thus producing fogs 

(5) They penetrate thin sheets of metal. 

(6) There is no diUcrcnce in the particles derived from dif- 
ferent gases, in particular the ratio of the charge carried, e, to 
the mass of the particle, m, is always the same 

In view of these facts, J. J Thomson suggested that these 
negatively charged particles or electrons are formed by the 
disintegration of atoms and that they are common constituents 
of all atoms. 

The velocity of an electron and abo the ratio of the electric 
charge, e, to the mass, m, can be detenmned by the simultaneous 
action of an electromagnetic and an electrostatic field on a fine 
stream of cathode particles. In this way Thomson was able to 
show that e,'m is constant for all electrons, independent of the 
nature of the electrodes or of the gas in the discharge tube. 
The value of e/w is about 179 X lO’ electromagnetic units. 
Tlie velocity of the particles was found to vary, according to the 
potential across the terminals, from about lo* to xo‘® cm. per 
second — sV to i the velocity of light. 

The determination of the cha^e, e, carried by an electron has 
formed the subject of a large number of investigations. J. J. 
Tliomson’a method was based on the observation of C. T. R. 
Wilson that information can be as to the number of 
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Kothner, Brcreton Baker ^ and others leave practically^ no 
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fuller understanding of the periodic system has been gained in 
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and McndeRefT not only suggested that the positions of these 
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even foretold the properties of the missing members of the 
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all respects the properties foretold by Mcndeleeff. 

The use of the periodic system for fixing atomic weights will 
be rc.adily understood from the foregoing. When the equivalent 
of the element has been determined, it is usually possible to 
decide which multiple of it is to be taken, as there will in general 
be only one position in the table into which the clement can 
be satisfactorily fitted. 

The Structure of the Atom. Electrons — ^Within the last thirty 
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of the structure of the atom which have thrown an entirely new 
light on the periodic law. The discovery of Rontgen or X-rays 
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* Trent. Chrm. See., 1907, SI, 1S49. 
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subject. 

When an electric current at high potential is passed through 
a gas at very low pressure charged particles arc shot of! from 
the cathode. The more important properties of these cathode 
rays are as follows ; — ■ 

(1) They travel in straight lines normal to the surface of the 
cathode and east a shadow of an opaque object placed in their 
path. 

{2) They may be deflected from their normal rectilineal course 
by electromagnetic and electrostatic fields. 

(3) They are negatively charged, as shown, for example, by 
the fact that they discharge a positively charged electroscope. 

(4) They act as nuclei for the condensation of supersaturated 
vapoun, thus producing fogs. 

(5) They penetrate thin sheets of metal. 

(6) There is no difference m the particles denved from dif* 
ferent gases, in particular the ratio of the charge carried, e, to 
the mass of the particle, m, is always the same. 

In view of these facts, j J Thomson suggested that these 
negatively charged particles or electrons are formed by the 
disintegration of atoms and that they are common constituents 
of all atoms. 

The velocity of an electron and also the ratio of the electric 
charge, e, to the mass, ni, can be determined by the simultaneous 
action of an electromagnetic and an electrostatic field on a fine 
stream of cathode particles. In this way Thomson was able to 
show that r,'m is constant for all electrons, independent of the 
nature of the electrodes or of the gas in the discharge tube 
The value of ejm is about 1*79 X lO’ electromagnetic units. 
The velocity of the particles was found to vary, according to the 
potential across the terminals, from about lO* to io‘® cm. per 
second— sV to J the velocity of light. 

The determination of the chaise, e, carried by an electron has 
formed the subject of a large number of investigations J J. 
Thomson’s method was based on the observation of C T. R 
Wilson that information can be gamed as to the number of 
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electrons in a confined space by using them (or rather molecules 
ol gas associated with electrons — gaseous ions) as nuclei for the 
londcnsation of water vapour. The total amount of moisture 
in the cloud was determined by weighing, and the size of each 
drop, and hence the number of drops, obtained by observing 
the rale of fall of the drops under the influence of gravity. 
The total charge carried by the cloud was determined by 
measuring the current passing when a weak electromotive force 
was employed. The total charge being known and also the 
number of electrons the charge carried by an individual electron 
is known. In making the calculation it is assumed that the 
number of electrons is the same as the number of drops, which 
is only approximately true. The results obtained by this method 
do not differ greatly from the value now accepted for e. 

The most accurate determinations of the magnitude of e are 
due to Millikan. In his latest experiments droplets of oil (used 
in order to avoid errors due to evaporation) were introduced 
into a chamber between two charged plates ; the space also 
contained gaseous ions formed by the action of X-rays on the 
contained air. A small section of the field was illuminated and 
the behaviour of individual droplets could be observed in a 
telescope. By collision with the gaseous ions the droplets 
acquired electric charges. The descent of the charged droplets 
under the force of gravity could be counteracted by the electric 
field between the charged plates. The result of the addition of 
successive ions to a droplet was recorded by change of speed. 
It was shown that the velocity of the droplet altered by steps 
as charges were added or removed and the results form the most 
definite proof of the discrete or “ atomistic ” character of elec- 
tricity. No smaller charge than c has been observed, and all 
charges arc integral multiples of c. The mean value of c, ac- 
cording to Millikan, is 1-59 X 10' *« electromagnetic units. 

Tlic Avogadro Number — Long before experiments on tlic dis- 
charge of electricity through gases had proved the discrete 
character of electricity, the same conclusion had been reached 
on other grounds. Thus Helmholtz, in 18S1, in the course of 
a lecture on Far.aday’s laws (p. 243). pointed out that if elec- 
tnc.ly IS conveyed through the .solution by the movement of 
eiiarged particles, which Faraday termed ions, electricity must 
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itself consist of discrete units, positive and negative, associated 
with particles of matter. Further, according to Faraday’s 
second law, the liberation of X gram (accurately 1*008 gram) 
of hydrogen or the gram-equivalent of any other element is 
attended by the passage of 96,500 coulombs through the solu- 
tion. According to Avogadro’s hypothesis, the number of 
particles in the gram-equivalent of different univalent elements 
is the same, and therefore each particle must convey the same 
quantity of electricity. As the charge conveyed by the gram- 
equivalent (l*oo8 gram) of hydrogen is 96,500 coulombs or 
9650 electromagnetic units, the charge on an individual atom 
of hydrogen could be determined if the number of atoms in 
one gram-equivalent or, what is the same thing, the number 
of molecules in a gram-moiccule of hydrogen or any other gas 
could be determined. 

Various lines of evidence, including calculations based on 
measurements of the viscosity of gases, and the experiments 
of Pemn on the rate of settling of finely divided particles in 
a liquid medium, lead to the conclusion that the number of 
molecules in a gram-molecule of a gas, the so-called Avogadro 
number, N, is about 6 X 10** Using this value of N, the 
change on an ion of hydrogen or other univalent ion is 


9650 

6 X 10** 


i-6i X 10**® 


electromagnetic units (or i-6i X I0~** coulombs). This figure 
agrees, within the limits of experimental error, with the charge 
on an electron, as determined by Millikan and others. 

The charge on the hydrogen ion, however, is positive, whereas 
the electron is the unit, or atom, of negative electricity. It 
might be supposed that units of positive electneity also exist, 
but so far positive electricity has not been obtained separate 
from matter. A positively charged body must therefore be 
regarded as a body which has lost free negative electricity. A 
negative ion is an atom or group of atoms associated with one 
or more electrons ; a positive ion is an atom or group which has 
lost one or more electrons. 

When N, the Avogadro number, is known the mass of the 
hydrogen molecule is obtained by dividing the molecular weight 
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of hydrogen, 2-0l6 grams, by N, which may be taken as 6x IC-*. 
Wc thus obtain 3-36 X 10"®’ grams as the weight of the hydro- 


gen molecule. 

As shown above, the value of i/wt for an electron is about 
1-79 X JO’ electromagnetic units. The ratio e/nt.for the hydro- 
gen ion, obtained by dividing l-6l X lO-*® c.m. units by 
r68 X 10"'', the weight of a hydrogen atom, is 0'97 ^ to* c.m. 
units. The ratio cjin for the electron is therefore about 1845 
times greater than for the hydrogen ion, and as e is the same 
for both, the mass of the electron is only 1/1845 M that of the 
hydrogen atom. Hence the mass of an electron is 

1-68 X 10"** 


1845 


= 9-1 X 10“*® grams 


For reasons which cannot be considered here this mass applies 
only to electrons which are moving slowly with reference to 
the velocity of light. On certain assumptions the radius of 
the electron can be calculated — the value obtained is about 
2 X 10" cm. This is much smaller than the radius of an- 
atom, which is of the order 10"® ems. 

Radioactivity — The discovery of X-rays with their remarkable 
properties led to a search among naturally occurring substances 
to see if any of them emitted radiations with similar properties 
to X-rays. Bccqucrcl, and afterwards M. and Mme. Curie, 
found that compounds of thorium and uranium gave out 
radiations which penetrated opaque substances and rendered 
gases conducting, and this led to the isolation of radium and other 
similar substances very much more active than uranium or 
thorium. Substances which spontaneously emit these ionizing 
radiations arc said to be radioactive. Each radioactive sub- 
stance has been proved to be a definite chemical element, the 
atoms of which arc continuously disintegrating, giving out 
certain rays and forming atoms of smaller weight 
Closer examination of the radiation from radioactive sub- 
stances showed that three types of rays could be distinguished, 
know n respectively as a, and y rays. All three affect a photo- 
graphic plate, render gases conducting and render certain 
materials fluorescent, but in other respects they behave very 
differently. 
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The a-rays have littJe penetrating power, and arc only slightly 
affected by a magnet, the direction of deflection showing that 
they are positively charged. It is now accepted that a-rays 
consist of helium atoms which have lost two electrons and 
therefore have a positive charge of two units. 

fi-rays have at least too limes the penetrating power of 
o-rays. They arc readily deflected by a magnet, the direction 
showing that they are negatively charged It is generally 
agreed that the ^-rays are negative electrons— actual units of 
electricity, already known from J. J. Thomson’s work on dis- 
charge through gases. 

yrays have a penetrating power much greater than that of 
^-rays, and their ionizing power is small. They are now known 
to be pulses in the ether of very short wave-length {about 
10 -* ems.) X-rays are also wave-motions in the ether, but of 
greater wave-length than y-rays. 

Hie Nocleax Atom Theory— From the facts cited above it 
may be assumed that the atoms of different substances contain 
one or more electrons, which can be liberated under certain 
conditions In a neutral atom, such as that of hydrogen or 
oxygen, the total negative charge on the electrons must neces- 
sarily be balanced by an equivalent positive charge. Ruther- 
ford, from experiments on the deflection of a-particles on collision 
with the atoms of a number of different elements, has drawn 
the conclusion that the positive charge of the atom is concen- 
trated in a very minute nucleus (from I0"‘* to I0~** cm. in 
diameter), the free electrons being situated with regard to the 
nucleus much as planets with regard to the sun. It follows 
that almost the entire mass of the atom is concentrated in the 
nucleus. From the magnitude of the deflection suffered by 
a-rays in passing through tlun sheets of foil, Rutherford showed 
that the numbe r of pqsiti« char ges on the nucleus Is ab out 
half the atomic wei ghty Earliw^ncperiraents on the scattering 
cFx-rays had indicated that the number of scattering centres, 
the electrons in an atom, was also about half the atomic weight 
so that evidence from both the positive and negative constitu- 
ents of the atom supported this connection hefwwr CiV crftx- 
trical charge and the atomic weight 

The Atomic Number— A notable advance injhis subject was 
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made by Moseley in 1914. When cathode rays in an evacuated 
tube impinge on a plate of metal or other element (the anti- 
cathode), Rontgen or X-rays of two definite wave-lengths are 
obtained, these X-ray spectra being characteristic for each 
element. Moseley showed that the higher the atomic weight 
of the material of the anti-cathode the shorter the wave-length 
(or the greater the frequency) of the characteristic X-rays 
and, further, for elements of wave-length between aluminium 
and gold, tliat the square root of the frequency constitutes an 
arithmetical progression, the order of increasing frequency being 
that of the elements arranged in the order of their atomic 
weights, with certain exceptions. Missing elements in the 
periodic scries correspond with gaps in the series of equal in- 
crements of the square root of the frequency. We are thus 
enabled to arrange the elements in a series from H = I to 
Ur = 92, so that successive elements show a constant difference in 
the square root of the frequency of their characteristic X-ray 
vibrations. In this list of atomic numbers at the time of Moseley’s 
discovery there were five gaps, but the element of atomic 
number 72 has since been discovered (compare periodic tabic, 
p. 19). Moseley’s law indicates that there must be some 
characteristic quantity for each atom which changes by equal 
amounts from atom to atom throughout the whole scries of 
elements. The available evidence shows that this characteristic 
quantity is the resultant positive charge on the nucleus of the 
atom. There is evidence that in some cases electrons arc 
present in the nucleus. The quantity which alters by equal 
amounts from atom to atom is not the total number of positive 
charges in the nucleus, it is the net or resultant positive charge 
when allowance is made for the fact that some of the positive 
charges .arc neutralized by electrons in the nucleus. 

The evidence for this conception of the atomic number is 
given in the next section. 

Radioactivity and Atomic Structure. Isotopes— -The con- 
clusions drawn from the work of Moseley and others as to 
atomic structure receive confirmation from the study of radio- 
.activity. In 1907 Boltwood discovered a new radio-element, 
which he termed ionium, and later investigation showed it to 
be identical in chemical behaviour with thorium, so that the 
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two elements could not be separated by chemical means. Tlie 
analogy is so far-reaching that even the spectra of the elements 
are believed to be identical. Many other instances of this 
remarkable phenomenon are now known. Thus radium, meso- 
thorium I, thorium X, and acUnium X are chemically non* 
separable, as are lead, radium B, thorium B, actinium B, and 
radium B. These results have within the last few years led 
to a remarkable law which has thrown a flood of light on the 
periodic system. Different elements occupying the same place 
in the periodic table are said to be tsoiopie. 

It has already been pointed out that when radioactive dis- 
integration occurs, a-rays (helium atoms with a double positive 
charge) and ^-particles (negative electrons) are expelled. There 
is evidence that when an atom disintegrates it is the nucleus 
which is affected. When the nucleus loses an a*particle with 
its two positive charges the valency of the resulting element will 
be affected just as m an ordinary electrochemical change of 
valency. For example, if the element were originally in group 
IV. of the periodic table, its ion 1$ quadrivalent and carries four 
unit charges of positive electricity The expulsion of an c* 
particle with its two charges brings it into the divalent group 11., 
and the weight of the atom is diminished by four units On 
the other hand, the loss of a ^-particle, which is a negative 
electron, increases the positive valency of the product by one. 
Radium B, for example, isotopic with lead, expels a ^-particle 
and becomes radium C, isotopic with bismuth, the mass being 
in this case practically unchanged. When one a* and two fi- 
particles arc expelled the product occupies the same position 
in the periodic table as the original element and the two have 
identical chemical properties, though of different mass. 

Another way of stating these rules is that when an o-particle 
is ejected, the new element occupies a position two spaces to 
the left in the table or has an atomic number two units lower 
than that of the parent element. The loss of a ^-particle gives 
an element wluch occupies the next space to the tight in the table, 
that is the atomic number increases by unity. These two rules 
can be combined in the statement that the atomic number 
changes in the same direction and by the same number of um/r 
as the nuclear charge of the atom. This show^us the true 
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significance of Ihc atomic number— it is equal to the resultant 
charge on the positive nucleus of the atom, and therefore also 
to the number of extra-nuclear electrons in the atom. On this 
view we may assume that the characteristic radiations arc due 
to systems of electrons which arc held in position by the central 
charge and it is to be expected that the frequency of the vibra- 
tions will change by regular increments as the positive charge 
of the nucleus and therefore also the number of extra-nuclear 
electrons increases unit by unit. 

It follows from the above considerations that the hydrogen 
atom, with atomic number l, is made up of a minute nucleus 
with unit positive charge around which a single electron moves 
in a circular orbit. It has been shown by Bohr that this con- 
ception affords a satisfactory explanation of the hydrogen spec- 
trum. 

The helium atom, with atomic number 2, should have a 
resultant positive charge of 2 units on the nucleus with two 
extra nuclear electrons. The mass of the helium nucleus is, 
however, about four times that of hydrogen. The simplest 
assumption which accounts for the facts is that the helium 
nucleus consists of four hydrogen atoms or positive nuclei and 
two electrons, thus giving a resultant charge of 2 and a mass of 4. 

So far not much progress has been made in elucidating the 
structure of more complex atoms. 

Modem views oS the Periodic Classification— The discovery of 
i.^otope.s h.as to a great extent cleared up the difficulties which 
so long attached to the periodic classification of the elements. 
We now know that the atomic weight has not the fundamental 
importance formerly attached to it. The same position in the 
periodic tabic may be occupied by a number of elements with 
the same net nuclear charge and a similar arrangement of 
the extra nuclear electrons, which accounts for their identical 
chemical behaviour. They differ only in the weight of the 
nucleus. The observed atomic weight depends on the respective 
atomic weights of the different elements and on the relative 
proportions in which they arc present. 

T he occurrence of isotopes is not confined to radioactive ele- 
ments. .Aston * has shown that they occur also among the lighter 
elements, and further he has reached the remarkable conclusion 
‘ ItiHfis {Edward Ainotii, 1933). 
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that on the basis of oxy'gen ^ 16 the atomic weights of the ele- 
ments, except hydrogen, are whole numbers within the limits of 
experimental error. Thus chlorine is a mixture of isotopes of 
atomic weights 35 and 37 and possibly 39, in such proportion 
as to give the observed atomic weight 35'46. Potassium is a 
mixture of isotopes of atomic w'eights 39 and 41, mainly the 
former, whilst argon consists mainly of an isotope 0! atomic 
weight 40 with a small proportion of a second isotope of atomic 
weight 36. We can therefore easily understand how the ob- 
served atomic weight of argon is greater than that of potassium, 
while the more fundamental property, the respective atomic 
numbers, are in the order required by their chemical behaviour. 
The difficulties already alluded to regarding the relative positions 
of tellurium and iodine and of cobalt and nickel are explained 
in the same way. 

The periodic recurrence of certain properties is plausibly 
accounted for as being connected with the periodic recurrence 
of similar arrangements of the extra-nuclear electrons as the 
atomic number, and therefore the number of extra-nuclear 
electrons, increases 

The results just described are m full accord with a unitary view * 
of the constitution of matter and. indeed, lend support to Proiit's 
hypothesis that hydrogen is the primary materia! from which 
all atoms are built up. Rutherford has proposed the term 
proton for the hydrogen nucleus — the hydrogen atom minus 
the cxtra-nucIear electron — and suggests that the helium 
nucleus is built up of four protons and two electrons, giving 
the observed resultant positive charge of two This conception 
can be extended to other atoms, but so far no very definite 
evidence is available 

The failure to find a positive electron corresponding in mass 
with the negative electron has led to the view that the hydro- 
gen nucleus is the positive electron and that matter is built up 
of positive and negative electrons defined as above. 

TTie deviation of hydrogen from the whole number rule as to 
atomic weights is accounted for on the view that in the nuclei^ 
of normal atoms the packing of the electrons and protons is s' 
close that the additive law of mass does not hold and the ma 
of the nucleus is less than the sura of the masses oLiM co 
stituent charges. . 


CHAPTER II 

GASES 


Tho Gas Laws — The gaseous form of matter is characterized 
by its tendency to fill completely and to a uniform density 
any available space. In general, gases are less dense than 
other forms of matter, and their internal friction is much less. 
In consequence of this, the laws expressing the behaviour of 
gases under van,’ing conditions arc much simpler than those 
holding for liquids and solids. The most striking fact about 
these laws is that they arc to a great extent independent of 
the nature of the gas ; the volume of all gases is affected by 
changes of temperature and pressure to much the same extent. 

The well-known laws which represent more or less accurately 
Uic behaviour of all gases under varying conditions may be 
enunciated as follows ; — 

1. At constant temperature, the volume, v, of a given mass of 
any gas is inversely proportional to the pressure, p ; otherwise 
expressed, pi> — constant (Boyle, 1662). 

2. At constant pressure, the volume, v, of a given mass of 
any gas is proportional to its absolute temperature, T (273° + 
temp. Centigrade) (Gay-Lussac, 1802). 

3. At constant I'ohunc, the pressure of a given mass of any 
gas is proportional to its absolute temperature. 

These laws arc not independent ; when any two of them are 
known, the third can readily be deduced. 

The three laws just given may be summarized in a single 
equation, which represents the behaviour of a gas when any two 
of the determining factors arc varied. Let pg, Vg and To repre- 
sent the original pressure, volume and temperature of a definite 
quantity of a gas, and pj, i>| and Tj the final values. Suppose 
that at first the pressure is altered from pg to its final value p, 
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28-02 grams of nitrogen occupy 22*43i 22’39 22*40 litres 

respectively at o* and 76 cms. Taking 22-40 litres as a mean 
value, and substituting tlic values for T (273°) ^md P (76 X 
13.59 = 1033-3 grams per sq. cm.), we obtain 

84,760 gram-ems.— 83,150,000 ergs. 

' T 273 

As the pressure is measured in gram/cm.-, the volume is of the 
dimensions cm.^ and T is merely a number, the above value 
for R is of the form gram X cms. or gram-centimetres. The 
caloric, the ordinary heat unit, is equal to 42,640 gram-centi- 
metres = 41,830,000 ergs, so that the value of R is almost ex- 
actly double (accurately 1-99 times) that of a caloric. We may 
therefore write the gas equation in the simplified form PV 
= I-99T, but the approximate form PV = 2T is sufficiently 
accurate for many purposes. In this form the gas equation is 
represented in thermal units. 

The product PV in the gas equation is of the nature of energy, 
ns is clear from the fact that when a volume, u, of a gas is gener- 
ated under constant external pressure (say that of the atmosphere) 
the work done is proportional to the volume and to the pressure 
overcome, and therefore to their product. Tlic work done by 
or upon a gas when it changes its volume under a constant ex- 
ternal pressure can readily be obt.aincd in thermal units by using 
the second form of tlic gas equation given above. Tlius if a 
mol of a gas is generated at 0° under the pressure of the atmos- 
plierc, the amount of Iicat absorbed in performing the external 
work of expansion, PV, is 2T — 2 x 273 =-• 546 cal. 

Since PV is constant, the pressure under which a definite 
mass of a gas is generated at a definite temperature lias no 
influence on the c.xtcrnal work of cxp.ansion. Thus, to take 
the above illustration, if a mol of a gas is generated under a 

pressure of ~ atmosphere, the volume will be 22-4 X 10 = 224 

litres, and the work done will again be 546 cal. at 0°. 

Deviafions from the Gas Laws — Careful experiment shows 
that .ahhoiigii the gas laws, which arc summarized in the 
r.euer.d formula PV “ give a general idea of the behaviour 
of g.iscs, yet (hey do not represent accurately the behaviour 
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of any single gas, the deviations depending both on the con- 
ditions of observation and on the nature of the gas. It may 
be said, In general, that the laws are the more nearly obeyed 
the higher the temperature and the smaller the pressure, and, 
as regards the nature of the gas, the further It is removed from 
the temperature of liquefaction. A gas which would follow 
the gas fans accurately is called a perfect or idectl gas, and 
ordinary gases approach more or less nearly to this ideal 
behaviour. 



The accompanying figure (Fig. i) gives a graphic representa- 
tion of the behaviour of the three t>'pical gases, hydrogen, 
nitrogen, and carbon dioxide, according to Amagat. The pro- 
duct PV, in arbitrary units, is represented on the vertical axis 
and the pressure P, in atmospheres, along the horizontal axis. 
If PV were constant (Boyle’s law), the curves would be straight 
lines parallel to the horizontal axis. Actually, PV increases 
continuously with the pressure in the case of hydrogen, Z' 
for nitrogen and carbon dioxide it first decreases, reach; 
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minimum, and beyond that point increases with increase of 
pressure. All gases except hydrogen show a minimum in the 
cur\'c, v.’hich indicates that the compressibility is at first greater 
than corresponds with Boyle's law, reaches a point (which differs 
for different gases) at which for a short interval Boyle's law is 
followed, and beyond that point is less compressible than the 
law indicates. Hydrogen, on the other hand, is always less 
compressible than the law requires at ordinary temperatures, 
but at very lotv temperatures it would also probably show a 
minimum in the cur\’e. That the deviations from the simple 
law become less the higher the temperature, is very well illus- 
trated by the curves for carbon dioxide at SS’l" and ioo°. 

The general behaviour of gases, and the deviations from the 
simple laws, find a very satisfactory interpretation on the basis 
of the kinetic theory of gases, which we are now to consider. 

KINETIC THEORY OF GASES 

General — The fact that the laws followed by gases are so 
simple in character makes it readily intelligible that attempts 
to account for their properties on a mechanical basis were made 
very early in the history of science (Bernoulli, 1738). Our 
present views on the subject, known as the kinetic theory of 
gases, are due more particularly to the labours of Clerk Maxwell, 
Clausius and Boltzmann. 

According to the theory, gases are regarded as being made 
up of small, perfectly elastic particles (the chemical molecules) 
which arc in continual rapid motion, colliding with each other 
and with the walls of the containing vessel. The space actually 
jiLed by the gas particles is supposed to be small compared with 
that which they inhabit under ordinary conditions, so that the 
particles are practically free from each other's influence except 
during a collision. Owing to the comparatively large free space 
in which the particles move, an individual particle will move over 
a certain distance before colliding with another particle ; the 
average value of this distance is termed the " mean free path ” 
o, the molecule. On this theory the pressure exerted by the 
g.as on the walls of the containing vessel (which is equal to the 
pressure under which it is confined) is due to the bombardment 
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of the walls of the vessel by the mo%*g particles. It is clear that 
the magnitude of the pressure must depend on the frequency 
of the collisions, as well as on the mass and velocity of the 
particles. ^ 

Enetic Eqoation lor Gases— The pressure exerted by a gas 
can be calculated quantitatively in terms of the number and 
velocity of the molecules as follows : Imagine a definite mass 
of a gas contained in a cube, the sides of which are of length 
f ; let n be the number of particles, each of mass m and velocity 
e. The particles will impinge on the walls in all Erections, 
but the velocity of each may be resolved into three components, 

*, y, and *, parallel to the edges of the cube, the components 
being related to the original velocity c by the equation 
y* <*. This means that the action on the wall 

which the molecule would exert U it reached it in the original 
path with the velocity c is the same as the sum of the effects if 
the collisions took place successively in directions perpendicular 
to the three walls at nght angles to each other with the velocities 
X, y, and s respectively If we consider at first one of the com* 
ponents, the particle will strike the wall at nght angles with 
velocity X, and will By off with the same velocity m the opposite 
direction : as the wall and the particle are considered perfectly 
elastic, there will be no loss of energy in this process. The 
momentum before the impact is tnx, after the impact — mx, so 
that the total change of momentum due to the impact is 2 ntr. 
As the distance between the two parallel walls is I, the particle 

wilt perform j impacts on the walls m unit time, and as in each of 


these the change of momentum is 2 W*, the total effect of a single 


particle fn. one direction in unit lime will be imx- = 2 mx^Jl. 

The same applies to the other components of the velocity, so 
that the total action of a molecule on all six sides of the cube 

** 4- y* + 3*) = For the total number of mole- 


cules, n, the effect is therefore 2 mnc*jl In order to obtain 
the pressure on unit area, the above value must be divided 
by the total interior surface of the cube, CP ; we then obtain 
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~ i’llL'';.* wliidi, since t!ic volume, v, ol the cube is F, can be 

put in tlic more convenient form, p = Imnc^/v or pv — pitnc'. - 
AUhough tlic aiiovc expression lias been deduced only tor 
a cube, it can readily be extended to a vessel of any sliapc, as 
follows. The total volume of the latter can be partitioned up 
into small cubes, and as the pressures on the two sides of the 
interior walls of these cubes neutralize each other, they do not 
affect the pressure on the outer walls of the exterior cubes, 
which in the limit constitute the wall of the coniaininp vessel. 

Deduction ol Gas Laws from the Equation pv — Jiiinc"— • 
From the above equation, which has been derived on certain 
more or less plausible assumptions regarding the constitution of 
gases, some of the laws which have been obtained experimentally 
may readily he deduced. 

Since on tlic assumptions made in dcrlvicing the general 
formula tlic riglu-hand side of the equation is made up of 
factors which arc constant at constant temperature, tlic product 
of prc-s-sure and volume must also be constant, whicli is Boyle’s 
law. 


Jlorcovcr, tiic above equation may be written in the form 
pv r~ j! • hnnP. As shown in mechanics, the expression hnc" 
represents the hinclic energy of a particle of mass m and velo- 
city c, and tlicreforc « . fwr- represents the kinetic energy of 
/! parliclc.s, so that tlic product of the pressure and vohimc of a 
gas i.s equal to of the kinetic energy of the molecules. From 
this it follows that fer eijual volwncs of different gnse.? uuder the 
same pressure, the total kinetic ener/iy pf their molecules is the 
sam,t. 


It has been shown (p. 32) that at constant volume the pres- 
sure of a gas varies proportionately with the absolute tempera- 
ture, In the previous paragr.aph, it has further been shown 
that at constant volume tlic pressure of a gas is proportional 
, to the me.in Irinetic energy of progressive motion of its particles. 
Mh-nee the mean kinetic e>irrp,y of the molecules of a pas is pro- 
pmtional to its absolute temperature.^ 


* la ll)i« inut.'id of (Irdurinj; ihe ojifcrimcntnl law from tin- kinetic 
tWry, littvc nmdr tnr of Ihr i-xprritncni.il rrtnili (o oltt.iin n Hefir.itton 
of 00 kiartic li.ror,-. The tem(erature of a fs.n i, determined 

ly ti.r mran linrUe erer^y e/ fnrret,ire metemer.t of itt moUcuUt, 



GASES 


39 


! Avogadro’s hypothesis may now be deduced from the kinetic 
I theory. For equal volumes of two gases at the same pressure 
we have, from the above equation, 

fa = = Jn.n.c,* . . . (i) 

where «j and Wj, Wj and m* and Ci and f * represent the number, 
mass and velocity of the molecules of the respective gases. 
Further, if the gases are at the same temperature, the mean 
kinetic energy of a single molecule is the same for each gas,* 

, hence 

. . . . ( 2 ) 


Dividing equation (l) by equation (2) we obtain »} = Rj, or, 
otherwise expressed, equal volumes of two gases, under the same 
conditions of temperature and pressure, contain the same num- 
ber of molecules, which Is Avogadro’s hypothesis. 

Finally, the mean velocity, e, of the molecules * may be cal* 
culated by substituting the appropriate values for the other 
magnitudes in the general equation pv » {mm*. Thus for 
t mol— 2 0t6 grams — of hydrogen under standard conditions, 
p=i 1033*3 gram/cm.* or 1033*3x981 dynes, wr = 2 0i6 
grams, v » 22,400 c.c., we have 


^0 — 


fj^_ h X 1033*3 X 9S06 X 22,400 

V Rin "V 2 016 


= 183,900 


cm. per sec. .'Therefore the molecule of hydrogen moves at o® at 
the. enormous speed of l 839 kilometres or rather more th.m 
I mile per second.^ The magnitude of this velocity m.iy seem 
surprising. In view of the fact that the diffusion of gases, which 
on the kinetic theory is conditioned by the speed of the mole- 
cules, is comparatively slow, but it must be borne in mind that 
this speed is only attained in the *' free path,” and owing to 
collisions and consequent change of path, the actual progress of 
a particle is very much less. The average speed of the mv)le 
cules of any other gas may be calculated by substitution m » 


‘This was proTtd by Gerk Maxwell; rt does not follow diretUv irvi i 
the abore ttateinent. 

• For a full discussion of tie kineue theory of gases see Jans, Pfj 
mieat Tktory e/ Caul, 3rd edition. 192! (Cambndge Urmerjity I'm*). 
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similar way. It is dear from the form of the equation [vinlv — d) 
that at constant temperature, the rates arc inversely proportional 
to the square root of the densities of the different gases— a result 
which is connected with the laws of gaseous diffusion (Graham’s 
law) and of gaseous effusion. 

. Van der Waals’ Equation— The kinetic theory of gases not 
(only admits of a simple deduction of the gas laws, but also 
■gives a plausible explanation of the deviation of gases from 
the simple laws, discussed in the earlier sections. In deducing 
, Boyle’s law in the previous section two simplifying assumptions 
have been made which arc not strictly justifiable. In the first 
place, it has been assumed that in its motion backwards and for- 
wards between the opposite walls of the cube, the molcculelias the 
wliolc Icnglli available for its motion, but a little consideration 
shows that, if the size of the molecule is not negligible in com- 
parison with this distance, the number of impacts on the walls, 
and therefore the pressure of the gas, is greater than it would be 
on the original assumption. To take an extreme case, let us 
assume tiiat the distance between the walls is 20 times that of 
the diameter of the molecule, the space available for movement 
is only Jp molecular diameters, and therefore the pressure will 
be grc.-itcr, in the ratio of 20 : 19, than if the size of the molecule 
could be neglected. This error will clearly be negligible at low 
pressures (when the total volume is large) but will become 
important when the gas is strongly compressed. If b is the 
volume occupied by the molecules, it seems plausible to correct 
the general gas equation, PV = RT, by substituting for V the 
tot.al volume occupied by the gas, — 6, the “free" volume avail- 
able for the movement of the molecules, so tliat the general gas 
equation becomes P(V - t) = RT. In reality, for reasons 
which cannot be entered into here, b must be taken, not as 
the volume filled by the material of the molecules, but as a 
multiple of it, the actual magnitude of which is uncertain.^ 
Another tacit assumption wc have made in deducing Boyle’s 
law is that the gas particles exert no mutual attraction, an 
assumption which is not justified when the gas is strongly com- 


) 


4 N 


.^ccotUinn 10 van dcr Wna), according to O. E. Mey 

Oinr*, thr actual volume of the molecules. 
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pressed. A little consideration shows that' when increased 
pressure is applied to a gas, the resulting volume will be less 
than the calculated value owing to molecular attraction j in 
other words, the gas behaves as if the pressure applied is greater 
than it actually is. It was shown by van der Waals that this 
correction is inversely proportional to the square of the volume, 
and as, from the above considerations, it affects the gas as an 
increase of pressure, we must substitulefor P, in the gas equation, 
the expression P 4 - n/V* where a is a constant. The corrected 
gas equation then becomes 

an expression, first proposed by van der Waals (tS/p), which 
not only represents with fair accuracy the behaviour of strongly 
compressed gases, but throws considerable light on the con* 
stitufion of liquids. The dctaiied consideration of van der 
Waals' equation is postponed to the next chapter (p 63) to 
which it more properly belongs, at present it s^ill be sufficient 
to show that it affords a satisfactory qualitative e.xpIanation of 
the deviations from the gas taws, discussed on page 35 
When V is very large, b will be negligible in comparison and 
will be very small, so that van der Waals’ equation then 
approximates to the simple gas equation PV = RT It may 
therefore be expected that any influence which tends to increase 
the volume, such as raising the temperature at constant pressure, 
or diminishing the pressure at constant temperature, will affect 
the gas in such a way that it follou’s the simple gas laws more 
closely, and this expectation is quite borne out by the results of 
experiment (p. 35). Further, we can employ the equation to 
explain the fact already referred to, that PV for ail gases except 
hydrogen at first diminishes with increasing pressure, reaches a 
minimum value, and beyond that point increases steadily as far 
as the observations extend. From the form of van der Waals’ 
equation it is clear that the volume correction acts in the 
opposite direction to that for the attraction, the Value of PV 
being increased by the former and diminished by the latter. 
Increase of PV with increasing pressure means that the gas is 
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11(4 ns coiiijivcssibk* ns il would be if Hoyle's l;v\v wore obcycii 
owioi*, 10 llic fact that part, of ihc vohime~Unl rcprcsciilcd 
by /'--is prnclioally incompro'^silde ; dimiinilion of PV with 
iiicreaslni; pressure means that, the Ras is more compressible 
than it would be accordinf; to Hoyle's law, which is ascribed to 
the ctfcc.l of attraction. At low pressures the e.lTcct of the 
attraction (irepondcratcs, whilst at hiph pressures the latter is 
nrpji(>,iblc in comparison with the volume correction. At .some 
intcrimaliate pressure (about 50 nietrc.s for nitroj’en at 30'' i •‘’Cc 
Fi|;. 1) the two corrections just balance, and in tliis short region 
the pas exactly follows Hoyle's law. 

To explain the bch.aviour of hydropen, it i.s assumed that the 
allr.sction correction at ordinary tcmjieratnres is from the first 
counterbalanced by the volume correction. 

.\VOr..M>UO'S IIYI’OTIIKSIS ANt> TItH MOLKCUI.AU WKIGIIT 
OK CASKS 

Qcitcrnl-" As we have already learnt, the application of 
Avop.ulro's hypotlicsis permits of the determination of the 
molecular weipln of any substance whicli can be obtained in 
the paseous form ; it is only necessary to find the weipht in 
(;rams of the suhslancc in rjucstion which occupies in tlie 
paseons form a volume of Ci-.jo litres at o” and 76 cm. pressure. 
In deicrmininp molecular weiplvis by lliis method, it is neither 
necessary nor practicable to work at the tcmperatnrc or niuler 
(lie pressure referred lo ; in pr.ieticc the volume occupied by 
a kiunyii weipht of tlio pas or vapour under suitable aud known 
conditions of temper.uure and pressure is determined, then with 
the help of the pas laws the weipht in prams which wilt occupy 
litres umlcr standard conditions is determined. Suppose 
it IS found that p prams of a p.vs or vapour occupy n c.c. at 
1 ahs. aud p millimetres pressure, what weipht in prams will 
iHcui'y Je,.pxi c.c. at 273® ,ahs. and mm. presraire ? 

It has already been shown (p, 33) that the expression pvf’T 
IS proiHutional to the m.ass of the pas, independent of the 
conditions uuder which it is mc.asurcd. It follows tli.at 
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where M is the molecular weight of the gas in grams. Hence 


g X y6o X 22,400 X (273 + / "C) 
273 X /> X » 


A shorter method is to use the alternative expression for tlie 
gas equation * po =» hRT, where n represents the number of 
gram-moleculcs of gas in the volume v. Since n =* //M we have 


pv 


Deosit? and Molecular Weight of Gases and Vapours— The 
determination of the volume occupied by a known weight of 
a gas or vapour under definite conditions is equivalent to de- 
termining Its density, which is the mass per unit volume. The 
actual determinations may be made in various ways. It will 
be sulBcient for our present purpose to describe Regnault's 
method, which is particularly suitable for the permanent gases, 
and the method first suggested by Victor Meyer, which is 
now used almost exclusively for determining the density, and 
therefore the molecular weight, of vapours. 

(1) ReptauU's .flfr/W— Two glass bulbs of approximately 
equal capacity and provided with well-ground stop-cocks are 
used. One is exhausted as completely as possible by means 
of a pump, weighed, filled at a known temperature and pressure 
with the gas the density of which has to be determined, and 
again weighed, the other bulb being used as counterpoise. The 
volume of the bulb may be obtained by weighing it empty and 
then filled with distilled water at a known temperature One 
of the advantages of using a second bulb is that any risk of 
error arising from a change in the temperature, pressure or 
humidity of the air in the balance-case during the weighing 
is avoided. From the results, the density referred to hjdrogen 
as unity can readily be calculated, and hence the molecular 
weight, which is double the density (p 9). The mo/«cu/ar 
weight can also be obtained by substituting m the farmult 
given above. This method, with slight modifications, has hern 

•Care tnu»l be (alien to express R in the proper uni'n, (ttuf 

•ith thoie in wliich the pressure and Tolume are firm (-/ p *•> 
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employed in recent years by Lord Rayleigh,, Moricy, Ramsaj 
and others for determining the densities of the permanent gases, 
and is capable of giving results of the highest accuracy. 

(2) Vidor Meyer's Melfiod—Tbk method differs from all the 
others inasmuch as it is not the volume of the vapour itself 
•which is measured, but that of an equal volume of air which 
has been displaced by the vapour. 

The apparatus consists of a cylindrical vessel. A, of about 
200 c.c. capacity, ending in a long neck provided "with t-wo 
side tubes, as shown in Fig. 2 . One of 
these side tubes, i, from which the dis- 
placed air issues during an experiment, is 
bent in such a way that its free end can 
conveniently be brought under the surface 
of water in a suitable vessel. Into the 
other tube, L, fits a rubber tube enclosing 
a glass rod which can be moved outwards 
and inwards, and, at the commencement of 
the experiment, serves to retain in place the 
small glass bulb shown in the figure, con- 
taining a weighed quantity of the liquid, the 
vapour density of which is to be deter- 
mined. The top of the main tube is closed 
by a cork which is kept in place throughout 
an experiment, and a little asbestos or mer- 
cury is placed in the bottom to guard 
Fio. 2. against fracture of the glass when the bulb 
drops. The apparatus is heated at a con- 
stant temperature throughout the greater part of its length by 
me.nns of the vapour of a liquid boiling in the outer bulb-tube, 
B the temperature should be at least 20° above tlic boiling- 
point of the liquid to be vaporized. 

At the commencement of an experiment, the bulb and rod 
are placed in position and the cork inserted, the jacketing 
iquid IS then boiled till air ceases to issue from the end of the 
tube, t, and bubble through the water, showing that the tempera- 
ture Ihc bulb. A, is constant. A graduated measuring 
tube. C, full of water, is then inverted over the end of the de- 
tu e, and the small bulb allowed to drop by drawing back 
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general fulfilled. In the great majority of cases, however, the 
results arc sufficiently near for the purpose, as the composition 
of the substance can be determined with great accuracy by 
chemical analysis, and the vapour density method is only used 
to distinguish between simply related numbers. In the example 
given above, for instance, analysis shows that the molecular 
weight of chloroform must be 119-5 or a simple multiple of 
that number, and the density determination proves that the 


former alternative is correct. 

Results oi Vapour Density Determinations. Abnormal 
Molecular Weights — ^The most important result of the numerous 
molecular weight determinations which have been made by 
this method is that in general the values obtained arc in com- 
plete agreement with those based on chemical considerations. 
There are certain c.xceptions to this rule, but for all these 
plausible explanations have been suggested. In the case of 
elements, the values found are simple multiples of the atomic 
weights (very often twice the atomic weight), whilst in the case 
of compounds they are simple multiples of the sum of the 
atomic weigiits. 

All the metals which have been obtained in gaseous form, 
including mercury, zinc, cadmium, potassium, sodium, antimony, 
and bismuth,* arc monatomic, as arc the rare elements argon, 
helium, krypton, etc., discovered in the atmosphere by Ramsay 
and his co-workers. Many of the non-metals, such as oxygen, 
nitrogen, and chlorine, are diatomic under ordinary conditions. 
Whilst arsenic and phosphorus are tctratomic, sulphur at low 
temperatures gives results corresponding with the formula Sg. 
Several elements, such as carbon and silicon, and many metals 
ha%'e not yet been obtained in the gaseous form. 

The determination of molecular weights at high temperatures 
has been greatly developed in recent years, more particularly 
by Victor Meyer and his co-workers, and by Nernst. The air- 
displaccmcnt method has proved most suitable for this purpose, 
but the chief difficulty has been to obtain vessels which stand 
iig 1 temperatures, and arc not porous for the contained 

pours, victor Meyer at first replaced glass by porcelain, 


’Compare H. von Wartenberc, Ztiiiei. 
Chtm. Sodily, igoS, ii., S6 


anorg. Chem., 1907, 66, 3:0; 



GASES 47 

and the Jattcf by an alloy of pbtinmn and /ridium, and at the 
time of his death '^’as experimenting with vessels of magnesiura 
oxide. Satisfactory results were obtained up to tyoo-tSoo*. 

One of the most striking results obtained by Victor Meyer is 
that the molecular weight of iodine, which at 6oo* corresponds 
with the formula Ij, becomes smaller as the temperature is 
further raised, until at ijoo* it reaches half the initial value, 
indicating that at the latter temperature it is completely split 
up into iodine atoms Dromine is also partially decomposed 
at 1500®, and chlorine commences to split up about the same 
temperature. It had previously been shown by Deville and 
Troosl that the molecular weight of sulphur also diminishes 
with increasing temperature, and above 800® gives results which 
indicate that only diatomic molecules are present. 

Nernst ' has recently succeeded in extending this method 
up to 2000® by using a vessel of indium coated outside and 
* inside with a paste of magnesia and m.ignesium chloride, 
and healed in an electric furnace At this temperature, the 
molecular weight of mercury is 201. indicating that the atoms of 
this clement have undergone no further simplification, whilst 
sulphur, between 1600® and 2000*, h.as a density of about 24, 
indicating that the diatomic molecules are split up, to'the ex- 
tent of about 33 per cent , into single atoms 
, Association and Dissociation in Gases— We have already 
seen tha^ such substances as sulphur and arsenic have ab- 
normally high molecular weights at low temperatures ; such 
, substances are said to be associated^ This peeularity is not 
' confined to elements, as the molecular weight of acetic acid, 
' which, as determined by chemical methods, 11 60, excecdi too 
i when determined by the v-apour density method at comp-arativdy 
( low temperatures The conclusion that acetic acid in the form 
of vapour at comparatively low temperatures consists largely of 
double molecules (CHjCOOH)j, is in satisfactory agreement 
,with other considerations. 

An apparent deviation from Avogadro’s hypothesis of a 
different nature i« met with, for example, in the ci'-e nf c.-co.- 
ammonium chloride. On chemical grounds, tfu mt/heu 


* Compjre Warfenberp /oc ,»/. 
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formula, NHjCl, is given to this substance, corresponding with 
a molecular weight of 53-5, whereas the observed value, obtained 
from its vapour density, is only half hs great. This behaviour 
could be accounted for on the assumption that, at the tem- 
perature of the experiment, the molecule is to a great extent 
split up, or dissociated, into NH3 and HCl molecules. The 
experimental justification for this assumption is due to Pebal 
(1862), who effected a partial separation of the decomposi- 
tion products by taking advantage of their different rates of 
diffusion. 

It may be added that in the complete absence of moisture, 
ammonium chloride can be vaporized without dissociation, and 
then has the normal molecular weight deduced by means of 
Avogadro's hypothesis.^ 

Accurate Determinatioa oi Molecular and Atomic Weights 
from Gas Densities — ^Wc have seen that Avogadro’s hypothesis 
does not hold strictly for actual gases, and that the reason 
for this is probably to be found in the mutual attractions 
and finite volumes of the gas particles. We may, tlicrefore, 
assume that it would be strictly true for an ideal gas, and, on 
the basis of van der Waals’ equation, apply a correction to 
actual gases to find their true molecular weights, that is, the 
relative masses which would occupy equal volumes at great 
r.-ircfaction, when the gas laws would be strictly followed {p. 35). 
The method followed is therefore to determine the volume of 
a definite mass of a gas under two or more pressures (the com- 
pressibility of the gas), and find by extrapolation the relative 
densities of different gases as the pressure approaches zero. 
If a mass \V of a gas occupies at 0° a pressure of v litres under 
a pressure p atmospheres wc may call the quotient vijpv the 
density per unit pressure. If the gas obeyed Boyle's law this 
would be the same at all pressures, since pv would be constant. 
If p = 1 the quotient D^W/pjOj represents the normal 
< ensity , ^ tlic limiting value of W/pu as p approaches 
zero, which wc may put as W/poU,, is the limiting density 

Do- From these two equations, D = ™ and D„ = ~ it 

Pi^i PoVo 


r Soiiely, JS94, 65, 61 j ; iSoS, 73, 422 

Ccropare Joims.on, ZaUeh. fkyriiat. Ckctr.., 190S, 61, 457. 
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follows that limiting density •=• normal density x — — . As 

already indicated, is found by making a number of 
measurements of pv at different values of p, plotting pv against 
p and extrapolating to /> = O. We then apply the principle 
that the ratio of the limiting densities of two gases Is the ratio 
i of their molecular weights. 

' For gases such as hydrogen and oxygen, which follow the gas 
laws closely, the correction to be applied to obt.iin the limiting 
density from the normal density is small. Tlie data are as 
follows : — 

Hydrogen: normal density, 0^8987; limiting density, 0'08993. 
Oxygen: „ „ „ „ i'42768. 

The method of determining atomic and molecular weights 
just described has been used more particularly by Daniel 
Derthelot and by Lord Rayleigh. From the results, tlie follow^ 
ing molecular weights (vapour density x 2) were calculated by 
Oertlielot (oxygen » 32 being taken as the standard) 

Hi N, CO 0, CO, N,0 MCI 

2-0145 28013 28007 32000 44000 44-000 36486 

From these observations, the following atomic weights have 
been obtained, the values derived by chemical melliods being 
placed below for comparison — 

0 H C N Cl 
Gas density i6-ooo 1*0075 12-000 14-005 35-479 

Chemical i6-ooo J-ooS 12-00 t4’0« 35*457 

The agreement, except in the case of chlorine, is excellent. 
As a matter of fact, the density value for chlorine is probably 
too high; the investigations of Leduc and Dnner* appear to 
show that the true value is 35*453, almost identical with tint 
obtained by the chemical method. 

The above sinking results lend strong support to the atiump- 
tion that ia the limit Avogadro’s hypothesis is strictly val.d for 
all gases. 

‘ E. Ci>m Pkft^ \ry>. *. 4:6. 
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SPECiriC HEAT OF GASES 

General—The specific heat of any substance may be defined 
as the ratio of the amounts of heat required to raise l gram of 
the substance in question and i gram of water through a given 
range of temperature. The amount of heat required to raise 
I gram of water 1 ° in temperature is termed a calorie, and hence 
the specific heat may also be defined as the quantity of heat in 
calories required to raise I gram of the substance in tem- 
perature. This statement has only a definite meaning, however, 
when the conditions under which the heating is carried out 
are slated, and this is particularly true of gases. If a gas is 
suddenly compressed it becomes svarmer, although no heat has 
been supplied to it, and, conversely, if a gas is allowed to expand 
against pressure it becomes cooled, although no heat has been 
abstracted from it. According to the above definition, 


Specific heat = 


amount of heat supplied 
rise in temperature 


so that if a gas is warmed by compression its specific heat is zero. 
Moreover, if, while a gas is expanding against pressure, sufficient 
hc.at is supplied to keep its temperature constant, the heat 
supplied has a certain finite value whilst the change of tempera- 
ture is zero, so that the specific heat, according to definition, is 
infinite. It is cleat that the specific heat of a gas may have any 
value whatever, unless the conditions under which it is measured 
arc stated. 

Specific Heat at Constant Pressure, Cp, and Constant Volume, 
Cr — There are two important cases in which the term " specific 
heat of a gas " is clearly defined : (a) the specific heat at con- 
stant volume, Cr, (6) the specific heat at constant pressure, Cp. 
In the former case, the volume is kept constant whilst the 
gas is being heated, and no external work is done. In the 
latter case, (he volume is allowed to increase whilst heat is being 
supplied, work is therefore done against the pressure of the 
atmosphere, which tends to cool the gas. Sufficient heat must 
therefore be supplied not only to raise the temperature, but to 
make up for the cooling due to the external work performed. 
ItJs clear that the specific heat at constant pressure is greater 
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l)i_a_n.that at constant volume, and ihcdifTcrcnce is the heat equi* 
«lcnt of the amount of v.oflc done against the external pressure. 

The difference between the two specific heats may readily be 
obtained in thermal units by using the general gas equation. 
For this purpose, it is convenient to deal with a mo! of a gas. 
It has already been shown (p. 34) (that when a gas expands .nl 
constant pressure, the work done is measured by the product of 
the pressure and the change of volume^ If at first the absolute 
temperature is Ti, we have the equation PV, = RTj where Vj is 
the molecular volume. If the temperature is raised to Tj, and 
the new molecular volume is V*. the work done during the 
expansion is 

P(V, - V.) = R(T, - T^. 

In the present case, Tj — Tj is l", therefore P(V| — V,) « R. 
• Further, the diderence in the molecular heats of a gas at 
constant pressure and constant volume is the external work 
done when a mol of gas is raised 1* in temperature, and there* 
fore W(Cp — C,) (where M is the molecular weight of the gas) 
is also P(V, — V,) —.C,) «= R, In thermal 

units, R is approximately 2 calories, so that the difference of 
the specific heats of a mol of any gas— m other words, ibe 
difference .of the molecular heats of any gas at_constant pressure 
aad-fl t const an t vo lume— is-2.ca]Qnes. 

; The specific heat of a gas at constant pressure can readily be 
I determined by passing a known quantity of it, heated to a 
definite temperature, through a metallic worm in a calorimeter, 
at such a rate that there is a constant difference of temperature 
between the entering and issuing gas. It is more difficult to 
determine directly the specific heat at constant volume, and 
this has only been accomplished satisfactorily in comparatively 
recent times * (p. 154). 

The molecular heats MC» and MC^ (molecular weight X 
specific heat) of a few of the commoner gases at 100“ arc given 
in the accompanying table, the values of C, being obtained from 
those of Cp by subtracting 3 raJoncs : — 

ijoly, yVtff Jiey. See, 1SS9, 47 , aiS. Compare Preiton, TAtery 
Heat, p 239. 
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SPECIFIC HEAT OF GASES 

Q^jieral— The specific fieat of any substance may be defined 
as the ratio of tlie amounts of heat required to raise I gram of 
the substance in question and i gram of water through a given 
range of temperature. The amount of heat required to raise 
1 gram of water i° in temperature is termed a calorie, and hence 
the specific heat may also be defined as the quantity of heat in 
calories required to raise I gram of the substance l° in tem- 
perature. This statement has only a definite meaning, however, 
when the conditions under which the heating is carried out 
are stated, and this is particularly true of gases. If a gas is 
suddenly compressed it becomes warmer, although no heat has 
been supplied to it, and, conversely, if a gas is allowed to expand 
against pressure it becomes cooled, although no heat has been 
abstracted from it. According to the above definition. 


Specific heat = 


amount of heat supplied 
rise in temperature 


so that if a gas is warmed by compression its specific heat is zero. 
Moreover, if, while a gas is expanding against pressure, sufficient 
heat is Supplied to keep its temperature constant, the heat 
supplied has a certain finite value whilst the change of tempera- 
ture is zero, so that the specific heat, according to definition, is 
infinite. It is clear that the specific heat of a gas may have any 
value whatever, unless the conditions under which it is measured 
are stated. 

Specific Heat at Constant Pressure, Cj,, and Constant Volume, 
Cc — There are tsvo important cases in which the term " specific 
heat of a gas " is clearly defined : [a] the specific heat at con- 
st.-int volume, Cr, [b) the specific heat at constant pressure, Cp. 
In the former case, the volume is kept constant whilst the 
gas is being heated, and no external work is done. In the 
latter case, the volume is allowed to increase whilst heat is being 
supplied, work is therefore done against the pressure of tiie 
atmosphere, which tends to cool the gas. Sufficient heat must 
therefore be supplied not only to raise the temperature, but to 
rn.akc up for the cooling due to the external work performed. 
J.tJ.s clc.ir that the specific heat at constant pressure is greater 
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that at constant volume, and the difTcrcnce is the heat equi- 
valent of the amount of work done against the external pressure. 

■Hie dilTcrcnce between the two specific heats may readily be 
obtained in thermal units by using the general gas equation. 
For this purpose, it is convenient to deal with a mol of a gas. 
It has already been shown {p. 34)(that when a gas expands at 
constant pressure, the work done is measured by the product of 
the pressure and the change of volume^ If at first the absolute 
temperature is Tj, v, e have the equation PV'j = RTj where Vj Is 
the molecular volume. If the temperature is raised to Tj, and 
the new molecular volume is V*. the work done during the 
expansion is 

nVi-VO-RlTj-Ti). 


In the present case, Tj — Ti is T, therefore P(V, — V,) « R. 

. Further, the dilTcrcnce in the molecular heals of a gas at 
constant pressure and constant volume is the external work 
done when a mol of gas is raised i* in temperature, and there- 
fore M(Cp — C,| (where M is the molecular weight of the gas) 
is also •“ P(Vj — Vj) Ucnce__M(Cj,^C,) =.R., In thermal 
units, R is approximately 2 calories, so that the dilTercnce of 
the specific heats of a mol of any gas — in other words, ihe 
lUflcrcace.of the mpl«ulat heats of any gas at constant pressure 
aod-g t const ant_y.Qlumc— la^.caloncs. 

( The specific heat of a gas at constant pressure can readily be 
I determined by passing a known quantity of it, heated to a 
definite temperature, through a metallic worm in a calorimeter, 
at such a rate that there is a constant difference of temperature 
between the entering and issuing gas. It is more difficult to 
determine directly the specific heat at constant volume, and 
this has only been accomplished satisfactorily in comparatively 
recent limes* (p. 154). 

The molecular heats MC, and MC^ {molecular weight X 
specific heat) of a few of the commoner gases at 100“ are given 
in the accompanying table, the values of C, being obtained from 
those of Cp by subtracting 2 calorics : — 

’Joly, />«. /Vy. Sm , 1SS9, 47, 318. Compare Preiton, Tkhjry gj 

lUat, p 339. 
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SPECIFIC HEAT OF GASES 

General— The specific heat of any substance may be defined 
as the ratio of the amounts of heat required to raise i gram of 
the substance in question and i gram of water through a given 
range of temperature. The amount of heat required to raise 
I gram of water i° in temperature is termed a calorie, and hence 
the specific heat may also be defined as the quantity of heat in 
calorics required to raise I gram of the substance l° in tem- 
perature. This statement has only a definite meaning, however, 
when the conditions under w'hich the heating is carried out 
arc stated, and this is particularly true of gases. If a gas is 
suddenly compressed it becomes warmer, although no heat has 
been supplied to it, and, conversely, if a gas is allowed to expand 
against pressure it becomes cooled, although no heat has been 
abstracted from it. According to the above definition, 


Specific lieat = 


amount of heat supplied 
rise in temperature 


so that if a gas is warmed by compression its specific heat is zero. 
Moreover, if, while a gas is expanding against pressure, sufficient 
heat is supplied to keep its temperature constant, the heat 
supplied has a certain finite value whilst the change of tempera- 
ture is zero, so that the specific heat, according to definition, is 
infinite. It is clear that the specific heat of a gas may have any 
value whatever, unless the conditions under which it is measured 
arc stated. 

Specific Heat at Constant Pressure, Cp, and Constant Volume, 
Cc — There are two important cases in which the term " specific 
heat of a gas " is clearly defined ; (a) the specific heat at con- 
stant volume, Cr, (b) the specific heat at constant pressure, Cp. 
In the former case, the volume is kept constant whilst the 
gas is being heated, and no external w'ork is done. In the 
hatter c.ase, the volume is allowed to increase whilst heat is being 
supplied, work is therefore done against the pressure of the 
atmojpherc, which tends to coo! the gas. Sufficient heat must 
therefore be supplied not only to raise the temperature, but to 
m.ahe up for the cooling due to the external work performed. 
It j.? clear that the specific heat at constant pressure is greater 
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tjian tliat at constant_vo!»me, and the difference fs the heat cqui» 
valent of the amount of v>ork done against the external pressure. 

The di/7erence between the two specific heats may readily be 
obtained in thermal units by using the general gas equation. 
For this purpose, it is convenient to deal with a mol of a gas. 
It has already been shown (p. 34)^that when a gas expands at 
constant pressure, the work done is measured by the product of 
the pressure and the change of volume^ If at first the absolute 
temperature is T,, we have the equation PVj = RT| where V, is 
the molecular volume. If the temperature is raised to T., and 
the new molecular volume is Vp the work done during the 
expansion is 

P(V,-V,)=-R(T,-T0. 

In the present case, Tj — Tj is i*. therefore P(V, — V^) » R. 
• Further, the difference in the molecular heats of a gas at 
constant pressure and constant volume is the external work 
done when a mol of gas is raised i* m temperature, and there- 
fore M(C^ — Ct) (where M is the molecular weight of the gas) 
is also = P(Vj -■ V,) thermal 

units, R is approximately 2 calories, so that the dilTerencc of 
the specific heats of a mol of any gas— m other words, ihc 
diilercocc.of the mplecular.heat3 of any_gas_at_constant pressure 
afld.a t const ant_y,<?Iumc— r3^.calories. 

[ The specific heat of a gas at constant pressure can readily be 
! determined by passing a known quantity of it, heated to a 
definite temperature, through a metallic worm m a calorimeter, 
at such a rate that there is a constant difference of temperature 
between the entering and issuing gas. It is more difficult to 
determine directly the specific heat at constant volume, and 
this has only been accomplished satisfactorily in comparatively 
recent times* (p 154)- 

The molecular heats MC, and MCp {molecular weight X 
specific heat) of a few of the commoner gases at 100® are given 
in the accompanying table, the values of C, being obtai 
those of by subtracting 2 calories : — 

’ J 0 I 7 , /VtfT. Sfit , tSSg, 47, sit Compare Prtiton, 

//«/, p 7y). 
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|(P, — p,)V = 3(T, — T,) and for a rise of temperature of 1® 
5 (P»— P>)V=j (calorics). Therefore the molecular kinetic 
energy of a monatomic gas is increased by 3 calories for a rise of 
I* in temperature, or, in other words, the_molecular_heat MC, 
of jx.inonatomic gas at constant volume is 3 calories. As_the 
specific heat at constant pressure is 3 4 * 2 = 5 calories, the ratio, 
MC,/MCy, for a monatomic gas must be v66, if the assumptions 
we have made on the basis of tbe kinetic theory are justified. 

As has already been mentioned, C, is somewhat difficult to 
determine directly, and to test the above deduction from the 
kinetic theory it is simpler to determine the ratio Cy/C, in- 
directly, which can be done in various ways, for example, by 
measuring the velocity of sound in a gas Kundt and Warburg 
(1876) therefore determined the velocity of sound in mercury 
vapour and obtained for the above ratio the value r66, in exact 
accord with the theoretical value, undoubtedly one of the most 
sinking triumphs of the kinetic theory. 

Conversely, a gas for which the ratio CpiC, is i*66 must be 
morvatomic, and by this method Ramsay showed that the tare 
gases argon and helium are monatomic 

r-. 4. . , • • ... 


the molecule. As the former effect alone requires 3 calories, 
the total molecular heat of a polyatomic gas will be 3 + a 
calories, where a is a positive quantity, constant for any one gas. 
The value of MCp will be 5 + <* calories, and the ratio of the 
specific heats will be 


MC-, 

MC, 


s 5 +*» 

3 + a 


< l 67 > I 


less than 1*67 but greater than I 
A comparison of the numbers given in the table shows that 
this deduction is m complete accord with the experimental 

facts. , 

the great” • ■ . . .... 

internal - ..... ... 

fn accordance with this, MC, for 1 mol of ether vapour is 33*5 
calories, and for turpentine {C,«H ,,1 66-8 calorics 
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TIic specific heal of monatomic gases is independent of 
icmpcrature, that of polyatomic gases usually increases slowly 
with temperature. 

While it may he anticipated, on tlic basis of the simple 
hinctic theory, that the molecular heat of a polyatomic gas 
will he greater than that of a monatomic gas, an extension of 
the tlicorv is required in order to throw light on the heat capacity 
of polvatomic g.i-^es from a quantitative standpoint. Tliis was 
hrst done hv flerh Maxwell and Bolt/.mann, who, with the 
aid of statistieal mechanic.-^, deduced the so-called principle of 
I'.piipaih.'ii'ii if cnerp\' and used it to calculate the molecular 
licat of diatomic and more complex gases. It has already been 
cxpl.uiteil that the ch.uige of translational energy when a mol 
of ( pis (monatouiic or polyatomic) is raised 1° in temperature 
;it consi.int volume involves a heat capacity of 3 calorics. Iti 
the case of diatomic gases, vihratiomil and rotational energy 
h.ive also to ho taken into .lecouiit. For a diatomic gas, accord- 
ing to tlie prim ipic of ilie e.piipartition of energy, translational 
and lot .It tonal energy together would give a heal capacity of 
5 c.ilones i<er mol per degree and when all three forms arc in- 
cluded the calculated heat e.ip.ieitv is 7 calorics per mol per 
degree at l■ollstant volume. 

.'\s ts evident from ilie hgures in the table on p. 52, tlic experi- 
mental Values diiicr widely from those calctthilcd according to 
the kinetic theory. 

I'or triatomic g.ises, again, translation, vibration, and rota- 
tion should give he.\t rxp.wily of 1 i c, dories per mol per degree, 
[he moh-vular he.vi of water vapour at icx)° is about 6 calorics, 

.Moreover, the eontimnuis v.iri.iiion of heat capacity with 
icmpcrature for [toly itomie gases cannot be explained on the 
principle of the equi]iartition of energy. This principle would 
involve either a roust. iiit molecular heat or an increase by steps 
as a new form of energy- came into play. 

A p!au?ih!c explanation of those results has been proposed 
on the h.asis of the quantum theory. According to this theory, 
hr.st put forward hy Planck in connection with radiation, 
I’lirrgy is not taken up continuously, but in definite increments, 
the so-cal!r,l quanta. We assume, therefore, that rotational 
and vibrational energy arc taken up in qu.aula and that it is 
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only under certain conditions that energy can be taken up. 
Thus Eucken has found that at — 238“ the molecular heat of 
hydrogen has fallen to 3 calories— -the same as for a monatomic 
gas, so that under these conditions it has neither vibrational 
nor rotational energy. It will be shown later (p. 155} that the 
results of measurements of the specific heat of solids, especially 
at low temperatures, cannot be reconciled with the classical 
kinetic theory and that in this case also the quantum theory 
has proved of value. 

Experimental Ulostrations— Experiments with gases arc 
usually somewhat difficult to perform, and require special ap- 
paratus. Elxpcrimental illustrations of the simple gas laws arc 
described in all text-books on physics, and need not be con- 
sidered here. 

The determination of the density * and hence the molecular 
weight of such a gas as carbon dioxide by Regnault’s method 
may be performed as follows : One of the bulbs is first exhausted 
as completely as possible by means of a pump, the stop-cock 
closed, and the bulb weighed. It 1$ then filled with water by 
opening the stop-cock while the end of the tube dips under the 
surhace of water and again weighed The volume of the bulb 
is obtained by dividing the weight of the water by its density 
at the temperature of the experiment The water is removed 
from the bulb by means of a filter-pump, the interior of the bulb 
is dried (by washing out with alcohol and ether and warming), 
placed nearly to the stop-cock in a bath at constant temperature, 
the end is then connected to a T piece by means of rubber 
tubing ; one of the free ends of the T piece is connected, through 
a stop-cock or rubber tube and clip, to a pump, the other, also 
through a stop-cock or rubber tube and clip, to an apparatus 
generating carbon dioxide. The bulb is evacu.ited by means 
of the pump, the stop-cock connecting it with the Litter is then 
closed, that connecting it with the carbon dioxide apparatus 
opened, the bulb filled with carbon dioxide, disconnected and 
weighed. As the apparatus fills it with carbon dioxide at rather 
more than atmospheric pressure, the stop-cock is opened for a 

‘ For full detaib as to the tnanipulauoR ol Kssfs, consult Travers’ 
Exftrtmtntal StaJr «f Gait' (MactnilUn, 1901) 
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moment to adjust it to atmospheric pressure before weighing 
The weight of a known volume of the gas at known temperatur 
and pressure ha%'ing thus been determined, its density anc 
molecular weight can be readily calculated. 

The determination of vapour densities by Victor Mev’er’ 
method is fully described on page 44, and may readily bi 
performed by the student with ether or chloroform, steam beinj 
used as jacketing vapour. 


CHAPTER III 


LIQUIDS 

General— Liquids, like gases, have no definite form, but, 
unlike the latter, they have a definite volume, which is only 
altered to a comparatively small extent by changes of tempera- 
ture and pressure. 

In contrast to the simple gas laws, the formula connecting 
temperature, pressure, and volume of liquids ore very compli- 
cated and empirical in character, and depend also on the nature 
of the liquid This is, of course, connected with the fact that 
liquids represent a much more condensed form of matter than 
gases. I c.c. of liquid water at too®, when converted into 
vapour at the same temperature, occupies a volume of over 
e.c. It seems plausible to suggest that the main reason 
why the formulas representing the behaviour of liquids are so 
much more complicated than the gas laws is that the mutual 
attraction of the particles, which is almost negligible in the case 
of gases (p. 40) is of predominant importance for liquids. 

As is a ell known, gases can be liquefied by increasing the 
pressure and lowenng the temperature ; and, conversely, by 
raising the temperature and diminishing the pressure a liquid 
can be changed to a gas. It is shown in the next section that 
there is no diflcrcnce in kind, but only a diflerence in degree, 
between liquids and gases 

Traiidtion from Gaseous to liquid State. Critical 
Phenomena — If gaseous carbon dioxide, below 31®, is con- 
fined in a tube and the pressure on it gradually increased, a 
point will be reached at which liquid makes its appearance in 
the tube, and the whole of the gas can be liquefied without 
appreciable increase of pressure. If, however, carbon dioxide 
above 31* is continuously compressed, no separation into two 
S 7 
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in the sealed tube naturally decreases, whilst that of the vapour 
increases, and it has been shown that at the critical temperature 
the densities of liquid and vapour are equal. 

There is also a close connection between surface tension and 
the critical temperature. As pointed out later {p. 89), the 
surface tension of a liquid 
is determined by the dif- 
ferent degree to which 
molecules in the surface 
layer are attracted by 
liquid and vapour respec- 
tively. As the tempera- 
ture rises, the difference 
in the densities of vapour 
and liquid and therefore 
the suKace tension stead- 
ily fall, and at the critical 
temperature, when the 
densities of liquid and 
vapour are equal, the 
surface tension is zero. 

The compressibility of 
a gas can be measured, 
and the critical tempera- 
ture and pressure deter- 
mined with the apparatus 
designed by Andrews or 
the modihed form used 
by Young.* The Andrews 
apparatus is illustrated in Fio 4 

Fig. 4. The liquid or 

vapour to be examined is confined over mercury in a carefully 
calibrated capillary tube c, and a similar tube, containing air, 
is placed beside the experimental tube in order to measure the 
pressure. The capillary tubes are held in strong copper tubes 
dd, provided at the ends with brass flanges, and the lower ends 
of the capillary tubes dip in water with which the apparatus 

* Stnfkumitry (Lon^uu, Gre«n & Co ), p iji. 
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is fxiled. Lateral communication between the two tubes is 
pro%'ided by means of the connecting tube ab, and pressure is 
produced by screwing one or other of the steel plungers ss into 
the water. 


The critical temperature can be determined by jacketing the 
tube and altering the temperature till the critical phenomena 
already described are observed. Observations are taken of the 
disappearance of the meniscus on heating and its reappearance 
on cooling ; the mean is the critical temperature. The result 
does not depend on the volume of liquid in the tube. 
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The critical pressure 
is obtained from the 
position of the mercury 
in the other tube when 
the experimental tube 
is at the critical tem- 
perature. 

The critical volume 
is difficult to determine 
directly and is best ob- 
tained by applying the 


Fio, 5, rule of Cailletct and 

Matthias that- the mean 


of the densities of liquid and saturated vapour He on a 
straight line, the so-called rectilineal diameter. In Fig. 5 
tile densities of liquid pentane and its saturated vapour are 
plotted at a scries of temperatures up to a few degrees from the 
critical temperature. It is not possible to determine the densities 


up to the critical temperature, when they become equal, but 
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Helium 

Hydrogen . 

Nitrogen 

Oxygen . 
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Ethyl alcohol 

- 267-268“ 
-238“ 

- t49“ 

- 119“ 

K 

105“ 
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*•3 

27 

72 

35 

63 
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from Ihc results at rather lotrer temperatures the curve can be 
completed vnth approximate accuracy. The point at which 
the rectilineal diameter, DC, when produced, intersects the curve 
is the critical density and its reciprocal is the critical volume. 

The critical temperatures and pressures of a few substances 
are given in the table (p. 6o) 

Behaviotir ol Gases on Compression — have already 
learnt that if gaseous carbon dioxide is compressed at a tem- 



perature below 31® it can be liquefied, but if the compression 
IS carried out above 31® no separation into two layers occurs. 
These relations are best shown diagrammatically, as in Fig. 6, 
in which the ordinates represent the pressures and the abscissa 
the corresponding volumes at constant temperature. If the 
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gas in question obeys Boyle's law, the cur\'es obtained by 
plotting the pressures against the corresponding volumes at 
constant temperature (the so-called isothermals) are hyperbolas, 
corresponding with the equation pv — constant, and this condi- 
tion is approximately fulfilled by air, as shown in the upper right- 
hand corner of the diagram. An examination of the isothermals 
for carbon dioxide shows that the same is nearly true of this 
gas at 48-1°, but at 55-5°, and still more at 32’5°, the isothermals 


deviate from those of an 
1 1 ideal gas. At the latter 

r.L V 'V temperature it is very in- 

^ M \ i teresting to observe that 

i : I 1 i the compressibility at 75 

5 ; j 1 i atmospheres is very great 

£ , 1 ; for a short part of the 

I I ; cutve, and beyond that 

1 : point extremely small ; in 

I • the latter respect the 

I \ highly compressed gas 

V \ : resembles a liquid. At 

A critical point, 

I p, \\ \ the curve is for a short 

\ \ \ distance practically hori- 

X \ zontal, thus representing 

\ _ ^ great decrease of volume 

® ^ for a small change of 

pressure — in other words, 
— — — _____ a high compressibility. 

F.o, 7. Finally, at 2 Vl° and 

I3‘i®, separation of liquid 
t.akes place, the curves run horizontal whilst the gas is changing 
to liquid at constant pressure, and then the curves run almost 
vertical, indicating a small decrease of volume with increase 
of pressure (I'.r,, a small compressibility), characteristic of liquids. 
It is evident from the foregoing that at any point iviihin the 
doUed line ABC both vapour and liquid are present ; . at any 
pomt outside only one form of matter, cither vapour or liquid. 

The above considerations serve to show that there is no 
fundamental distinction between gases and liquids : a highly 
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compressed gas above its critical point cannot be definitely 
classified cither as liquid or gas. It is evident from the figure 
that as regards compressibility, highly compressed carbon dioxide 
behaves more like a liquid than a gas. li ti, in fad, possible 
to pass from the typically hqttid to the gaseous form, and vice 
twa, m'lfioiit a separation inlo la^o layers. Thus liquid carbon 
dioxide below 31®, under the conditions represented by the 
point Xi in Fig. ?, may be compressed above its critical pressure 
along XjVi and then warmed above its critical temperature 
whilst the pressure is kept constant at y,. During this process 
no separation into two layers will be noticed, and by now re- 
ducing the pressure the fluid can be obtained In as dilute a 
form' as desired (what is ordinarily termed a gas), say the con- 
dition represented by x, whilst remaining quite homogeneous. 
Similarly a gas can be completely converted to a liquid without 
discontinuity, along Starting with a gas in the con- 

dition represented by * it is warmed at constant volume above 
the critical temperature toy, and then cooled at constant pres- 
sure till the volume is smaller than the critical volume, when we 
have a liquid. 

Application of von der Waab' Sqnation to Cntical Pheno- 
mena— We have already learnt that no actual gas follows the 
gas laws quite strictly, and. further, that the behaviour of 
actual gases can be represented with fair accuracy, even up to 
high pressures, by van dcr Waals’ equation, 

(P + f,)lV-H = RT. 

If this equation is arranged m descending powers of V it 
becomes 

v>-v(i + ”)+v|-“^ = o(i). 

This is a cubic equation, V being treated as the variable and 
I* and_T, as well as a, b, and R, as constants. According to 
the conditions the equation has either three teal toots or one 
real and two imaginary roots. Otherwise expressed, the magni- 
tudes of a and b may be such that at one temperature and 
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pressure, the volume V has three real values, whilst at another 
temperature and pressure it may have only one real value. 
We will now compare these theoretical deductions with the 
actual case of carbon dioxide. It is clear from Fig. 6 that at 
13-1° and 48 atmospheres, carbon dioxide has two volumes, 
as a gas (represented by the point D) and as a liquid (the point 
E), but the third volume demanded by the equation is not 
shown. At 48-1°, on the other hand, there is only one volume 
for each pressure, corresponding with one real root of the equation 
under these conditions. 

Some light is thrown on the question of the missing third 
real volume when the isothermal curc'es for carbon dioxide are 
plotted by substituting the values of a and fr, found experi- 
mentally (p. 40) in equation (i). The wavy curve ABCDE 
shown in Fig. 7 was obtained in this way ; on comparison with 
the experimental curve for carbon dioxide (Fig. 6), it will be 
seen that whereas the points D and E in the latter isothermal 
for 13° are joined by a straight line DE, in the former the 
corresponding points E and A are joined by the dotted line 
ABCDE, K'Jiich represents a change from (he gaseous lo (he liquid 
form without discontinuity. The point C, at which the line of 
constant pressure cuts the isothermal, represents the third of 
the volumes required by the above cubic equation, but it 
probably cannot be realised in practice, as the part DCB of 
the curve on which it occurs represents decrease of volume 
with diminishing pressure, quite contrary to our usual experi- 
ence. On the other hand, the sections AB and ED have 
a real meaning. When a vapour is compressed till saturated, 
it docs not necessarily liquefy ; in the complete absence of 
liquid it may be compressed considerably beyond the point 
at which liquefaction occurs in the presence of traces of liquid ; 
in other words, a part of the curve ED may be experimen- 
tally realized. Similarly, water may be heated in a carefully 
cleaned vessel several degrees above its boiling-point, that is, 
it does not necessarily pass into vapour when the superincum- 
bent pressure is less than its vapour pressure, and a part of 
the curve AB may thus be experimentally realized. Similar 
phcnomeiia will be met with later ; it often happens that when 
a system is under such conditions that the separation oftinother 
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plme (lorn ol raalln) is possiWt. to change iocs pot occur 
in the absence of the new phase. 

Van der Waals' equatioo can also be employed to obtain 
important relations between the critical constants an<J the other 
characteristic constants representing the behaviour of gases. It 
has already been pointed out that the densities and consequently 
the volumes of liquid and gas become equal at^ the critical 
temperature, and as this must also be true for the intermediate 
third volume, it follows that the three roots of the equation 

v-(l + S)v* + gV-^ = o(i) 

become equal under these conditions If, in this general 
equation, we call the three roots V„V,, and V,, then the equation 
(V -- V,)(V — V,)(V — V,) « 0, must hold, which, when the 
roots are equal, becomes 

(V - V*)* * V* - jVtV* + 3Vt*V - Vi> =. 0 (2), 

where V* Is the critical volume Equating the coefficients of 
the identical equations (l) and (2), we have 

f + - 3V. W ; i = 3V| (u) ; = V| (i„). 


From the last three equations, the values of the critical con- 
sums can readily be obtained in terms of R, 0, and b. We 
have 

Critical volume Vj = 3ft (from ii and iii), 

Critical pressure Pj » (from ii), 

270* 

Critical temperature Ti = (from i). 


Wt tku! teach the inteteeling result that the critical constants 
may be calculated from the deviations trom the gas laws when 

n der Waals equation. As an illustration ot the satisfactory 
gteement between the observed and calculated values we w!u 
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take the data for ethylene, for which a — 0-00j86, b ~ 0-0024, 
and R — 0-0037. 


Vi — 0-0072 {observed value 0-006), 

Pi = 2y^^Q.^2^j2 ~ S°'S (observed value 51 atmospheres), 

Ti = = 262® Abs, (observed value 282"). 

27 X 0 0024 X 0 0037 ‘ ' 


Law of Corresponding States— Van dcr Waals has further 
pointed out that if the pressure, volume, and temperatureof a 
substance are expressed as multiples of the critical values, that 
is, if we put P = aPi, V = ^Vi, T = yTi, and then substitute 
in the equation (P + <2/V*)(V — b) = RT, Pi, Vi, and Ti being 
replaced by their values in terms of a, b, and R, the equation 
simplifies to 

(“ + - I) = 8y. 


This equation docs not contain the constants characteristic 
of any particular substance, and ought therefore to hold for 
all substances in the gaseous and liquid state. Experiment 
shows, however, that it is only to be regarded as a first ap- 
proximation, the deviation in many eases being much greater 
than the experimental error. 

For our present purpose, these considerations arc chiefly of 
inaportancc as affording information regarding the proper con- 
ditions for comparison of the physical properties of liquids. If 
VC wisi, for cxamjdc, to compare the molecular volumes of 
ether and alcohol, it would probably not be satisfactory to 
compare them at the ordinary temperature of a room, as this 
would be near the boiling-point of ether, 35°. but much below 

la 0 a CO 10 , 78 . According to van dcr Waals, the proper 
temperatures for comparison, the so-called “ corresponding tem- 
peratures, arc those which arc equal fractions of the respective 
critical temperatures. Thus, if we choose 20", or 2<)f abs., 
as the temperature of experiment for ether, the critical tem- 
perature of which IS 195°, or 468° abs., the proper temperature, 
/, for comparison with alcohol (critical temperature, 243° C.) 
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till be given by “ S'* The 

lamc considerations apply to the pressures. 

The theoretical basis for this method of comparison is that 
ahnve the choosini^of oressures, volurrn'^ r,r f<»m. 


van der Waals' equation, to an equation which is the same for 
all substances, and the practical justification for choosing these 
as corresponding conditions is that more regularities are actually 
observed by this method than when the comparison is made 
under other circumstances 

UqoefactioQ ol Gases — As already indicated, all gases can 
be liquefied by cooling them below their respective critical 
temperatures and applying pressure. The methods employed 
(or this purpose by Cailletet, Pictet, Wroblewski, and others 
are fully described in text*books of physics In recent years 
(he older methods have been almost completely displaced, in 
the case of the less condensable gases, such as air and hydro* 
|es, by a method introduced almost simultaneously by Linde 
sod by Hampson. The principle of the method is that when a 
fos is allowed to pass from a high to a low pressure through a 
porous plug, the resultant expansion (without external work) 
produces a cooling effect (Joule- Thomson effect). The cooling 
d«l is due to the performance of internal work in overcoming 
Ihetautual attraction of the particles. 

Apart from the cooling ^ect due to the performance ol 
I'Ur^wcrk there is a further effect, involving external work, 
due to deviations from Boyle’s law. The effect is therefore 
depadrat on the difference betw'ecn PjPj, the product otpf^' 
rttt iad volume on the low-pressure side, and pt^i 
tpniag product on the high-pressure side , For ® ^ 

'haijts of pressure, in the case of all gases 
1 hcHum, pjn, is greater than pfi, to in- 

- -ing in a cooling effect, which is added to 
' »ork. In the case of byd«««» a heating 

fi'i (p- 2<5), and therefore on expan-'^^ iatcrnal w ork, 

— ‘i-hlch counteracts the cooling ..^pentun 
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Vi volumes are equal. The justification for taking the molec- 
lar V'eights (in grams, for instance) as comparable quantities 

that, according to the molecular theory, equal numbers 
[ molecules of different substances arc thus compared, 
imilarly, in dealing v/ith liquids, it is usual to determine the 
wUcu-lar volume of the liquid, i.e., the volume occupied by the 
lolecular v/elght of the liquid in grams, which is, of course, ob- 
iined by dividing the molecular weight in grams by the density 
f the liquid at the temperature of experiment. As the specific 
olumc, V, of a liquid is inversely as the density, the molecular 
olume may also be defined as molecular weight in grams X 
p, volume. Similarly, the atomic volume = (atomic vfcight in 
rams) -r density, or (atomic v/cight in grams) X sp. volume. 

Kopp was the first chemist to carry out an extended series of 
ibscrvation.s on this subject, and he found that the most regular 
csults were obtained v/hen molecular volumes v/crc determined, 
lot at the same temperature, but at the boiling-points of the 
espcctive liquids under atmospheric pressure. It is interesting 
.0 observe that this purely empirical method of procedure was 
bund much later to be thcorcticaHy justifiable, as the boiling- 
points of most liquids arc approximately two-thirds of their 
'cspcctivc critical temperatures (both measured on the absolute 
3calc), The boiling-points arc therefore corresponding tempera- 
tures (p. 66 ). 

Kopp found that as a first approximation the molecular 
volume Could be regarded as the sum of numbers representing 
the volumes of the component atoms. The atomic volumes of 
the commoner elements occurring in organic compounds are as 
foIlov/3 : — 

C H Cl Br IS 0(0- H) 0(0=) 

II 5-5 22'8 27-8 37-5 22-6 7-8 I2'2 

In some cases the atomic volume depends on the way in svhich 
the clement is bound, thus oxygen joined to hydrogen (hydroxyl 
oxygen) has the atomic volume 7-8, whilst for oxygen doubly 
linked to carbon (carbonyl oxygen) the volume is 12-2. As an 
illustration the calculated and observed volumes of acetic acid 
may be compared as follows : — 
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aC *= 23 

4H 32 

(Carbonyl) O =* 12-2 
(Hydroxyl 0 ** 7*8 

64-0 

As the molecular weight of acetic acid is 6o and its density at 
the boiling-point is 0-542 the observed molecular volume M/d 

= 637 - 

It should be mentioned that the atomic volumes given 
above are not obtained directly, but by comparison of chemical 
compounds with definite differences of composition (cf, the 
difference in the molecular volumes of the compounds 
and C4H| gives the volume of two atoms of hydrogen), and are 
therefore not necessarily the same as those for the free elements. 
In some cases, however, the two values coincide, thus the atomic 
volumes of the free halogens, chlorine and bromine, nt their boiN 
ing'potnts are 23-5 and 37 'i respectively, whilst their values in 
combination are 22-S and 37 8, so that the halogens have ap« 
proximately the same volume in the free and combined condi* 
tion. The same is approximately true for certain other elements 
for which comparison is possible 

The extended investigations of Thorpe, Lessen, and Schiff 
afford a general confirmation of Kopp’s conclusions; the cal- 
culated and observed values generally agree within about 4 per 
cent. 

Although, stnctly speaking, the consideration of the molec- 
ular Volume of a substance in solution does not belong to this 
section, it is convenient to refer to it here. The molecular solu- 
tion volume, Mo, of a substance may readily be calculated from 

the formula Mo *=» where M is the molecular weight 

0 a 

of the solute in grams, n the weight of the solvent containing AI 
grams of solute, d the density of the solution, and d" that of the 
solvent. This formula is derived on the assumption, which Is 
certainly not justifiable, that the density of the solvent itself is 
not affected by dissolving 3 substance in it, and therefore Jlfo is 
only the “ apparent " soluooo volume. The molecular volume 
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is sornctirncs nearly the same in the free state and in solution ^ 
bromine in carbon tetrachloride), but is often much less 
{e.g., many salts in water). 

Additive, Constitutive and CoUigative Properties— The molec- 
ular volume is a good example of what is termed an additive 
property, since it can be represented as the sum of volumes 
pertaining to the component atoms. It is not, however, 
strictly additive, since it is influenced somewhat by the ar- 
rangement of the atoms in the molecule, and therefore the 
atoms to some extent influence each other. Properties which 
depend largely on the constitution of the molecule, in other 
words, on the arrangement of the atoms in the molecule, are 
termed consltiulive ; a typical constitutive property is the rota- 
tion of the plane of polarization of light {p. 75). The only 
strictly additive property is weight. Other properties, such as 
the rcfractivity, the molecular volume, heat of combustion, etc., 
are more or less additive, but are to some extent complicated 
by constitutive influences, probably due largely to the mutual 
influence of the atoms. 

There is a third class of properties, which always retain the 
’ same value independent of the mmber and iwinre of the atoms 
in a molecule or of their arrangement, and depend only on the 
number of molecules. A good illustration of these properties 
has already been met with in connection with gases. When these 
arc taken in quantities which, according to the atomic theory, arc 
proportional to their molecular weights, they all exert the same 
pressure when occupying equal volumes at the same tempera- 
ture. Such properties have been termed coUigalivt by Ostwald. 

Many illustrations of these three classes of properties will be 
met with in the course of our work. 

' Rcfractivity— The velocity with which light is propagated 

■ through difierent substances is very different. The relative 
velocities in two media can be deduced when the change in 
direction of a ray of light in passing from one medium to 
another is known. When the ray passes from one medium to 
the other, the incident ray, the refracted ray (in the second 
medium) and the normal to the boundary between the two 

‘ Lumsden, Trans. Chm. See., 1907, 91 , 54; Dawson, thtd., 1910, 97 , 

■ 1041. , 
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media (a line drawn perpendiailar to the boundary where the 
incident ray meets it) are in one plane. If i is the angle of 
incidence (the angle between the incident ray and the normal) 
(Fig. 9) and r is the angle of refraction (the angle between the 
normal and the refracted ray) and rj and i’* the respective vcio* 
cities of light in the two media, it can be shown that the ratio 
of the sine of the angle of incidence to the sine of the angle of 
refraction is constant, and is equal to the ratio of the velocity 
of light in the two media. The ratio in question is termed the 
index of refraction, and is usually represented by the symbol n. 
We have thertfore the relation 

„ = !!!L?' = E!. 

sm r r, 

If the fint medium is a 
vacuum, n is always greater 
than I— in other words, light 
attains its greatest velocity m 
a vacuum, and is retarded on 
passing through matter. The 
refractive index is, however, F,o g, 

often referred to air as unity, 

and to convert the values thus found to a vacuum they must 
be multiplied by 1*00029, giving uhat is termed the “ absolute 
refractive index 

An instrument employed for the determination of refractive 
indices is termed a refractometer. Among the more convenient 
forms of refractometer, those due to Abbi and to Pulfrich may 
be specially mentioned. 

Ordinary white lig ht_cannot_ be employed. for_refractivity 
measurements, as the component raj*s are refracted or retarded 
to a different extent on passing through matter, the rays thus 
scattered or dispersed giving rise to a spectrum Tins difficulty 
is avoided by using light of the same wave length (so-called 
monoc hrom atic light), and for this purpose sodiu m -heh ^ , the 
«vc*Ienglh ot wKIclTis represented by the letter D, is con- 
venient Measurements of the refractive index referred to 
sodium light are represented by the symbol n» 

Thc^rc^mctive index of a given substance, like any other 
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property, depends on the conditions of temperature, pressure, 
etc., under which the measurements arc made. It has been 
found convenient to express the results of measurements not 

simply in terms of «£» but in terms of the function — 


where d is the density of the liquid or gas (Gladstone and 
Dale, 1838). This purely empirical function, known as the 
refraction constant, ^ is, for any given substance, practically in- 
dependent of the temperature. In 1880, Lorenz and Lorentz 
arrived simultaneously, from theoretical considerations, at the 

somewhat more complicated expression, - • y and showed 

Tj- ■4* 2 d 

that, for the same substance, it remained fairly constant, not 
only for widely differing temperatures, but even for the change 
from liquid to gaseous form. Tlius Eykman found that the 
value of this function for isosafrol, C,oHjoOj, amounted to 
0-2925 and 0-2962 at 17-6“ and 141* respectively, and Lorenz 
obtained for v/ater at 10“ and water vapour at lOO® the values 
0'2 o 68 and 0-2061 respectively. 

For comparative purposes, it is usual to employ the atomic 
refraction (atomic w-eight X refraction constant) and the violec^ 
vtar refraction (molecular weight X refraction constant) ; the 
latter, if w-c employ the second form of the refraction constant, 

is given by — r— - - where M is the molecular weight, 
-f- 2 d 

, In this case also it has been found, from measurements on 
‘ many organic liquids, that the molecular refraction may be 
; represented to a first approximation as the sum of the refrac- 
tions of the component atoms, so that the refractive power is 
largely an additive property. 

just as in the ease of molecular volumes, however, there arc 
certain deviations from this additive behaviour (constitutive 
influences) v/hich may be connected with the arrangement of 
the atoms in the molecule. Briihl,* who has been particularly 
prominent in investigating this question, points out that the 


•The expression here called the "refraction constant’’ 13 sometimes 
eaiied the " njKdfic refractivity 

• For tt short summary of Brulil’s work, hy himself, see /’nc. Koyat 
/tttliluli'fn. 18 , IJJ, 
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moleculif refraction of compounds coataicin? dcnbie aad trafe 
bondj is greater than the calculated valus; aii'i he aiies scansr 
of this constitutive influence by ascribing esnfis KsacritrSK 
to these bonds. The most recent values fer a frw ct rite g grgg 
are as follows : — * 


Oxygen VnaSe "Zssx 

C H po CO group) pn ethers) (ia OH grars' Cl I hrtTif irit. 
J418 rioo a-2ii 1-643 *'5^5 


Later investigations show that ne:ghhc*irtn? cminic <zr ==cii? 
bonds exert a mutual infiaeace, 10 than tie sra=:=r neennasE 
somewhat complicated. 

Conversely, Jt is sometimes pcssfri^ £mnr 
the refractive index (or other physical pr:c«r:T„ nc cmrw -sne- 
clusions as to the constitution cf crccsmC eccacosici iizz ss 
our knowledge of the relations berwrsn p&TsnC acri 

chemical constitution is very tmp-rfsri, usr sxzi:^ liKrzji rxly 
be employed with great caution. It a rriiiemr t''=^ siO oaenSs- 
lions as to chemical coostitutma t<» iira“wz £rois s.-ivtrre 
propertiM, but only froa ccssatisr? prroerioi. 

I^tatioa ol Plane ol Polaseaiscc c£ lisSl— '>l/e properijc* 
of liquids so far dealt with tare b<es saaiT'r SfSSrtrr’!; tie 
ma^itude of propertis such as Tolroae, e£?ot cc tie ly^sed 
of light, etc., being muci tie sa=/e in tie Irts ita.*e sa 
combination. We have cw to deal with tie pro^xery p^os- 
sessed by a few Uquids (and ccc-olTod roistacioes/ cf rotating 
the plane of polarized light — a ^e yisd s_g«tire^ 

upon the anangement_cf the Isocnerie 

substances have ta graeral ceariy e-rzaJ m-cleOJilar re^ractirity^ 
and molecular volume, but it eftes kippess t-hat cf two bomeric 
substances, such as the two lactic acids, cce rotates the 
of polarized light and the otter does cot. 

Plane polarized light (light la which the s-ibratioas are all in 
: plane) Is obtained by passing raonochromatic light through 

nllnTin.. ...I.... fsKtA «hlch CUtS 


a polarizing prism (Sicol prism or tourmaline plait) which cuts 


oR all the rays except those vibrating in one pliae.^ A 


of this type Is mounted at some distance from an* 


prism in such a way that fight which has been p 
• Tte Bumberi are referred » the D line (raiiata I’Cb* 


teecrdiog to the Lore&U formula. 
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property, depends on the conditions of ternperature, pressure, 
etc., under -which the measurements are made. It has been 
found convenient to express the results of measurements not 


simply in terms of 


but in terms of the function 



where d is the density of the liquid or gas (Gladstone and 
Dale, 1858). This purely empirical function, knowm as the 
refraction constant,^ is, for any given substance, practically in- 
dependent of the temperature. In 1880, Lorenz and Lorentz 
arrived simultaneously, from theoretical considerations, at the 


somewhat more complicated expression 


ft‘ — I 
«- -f 2 


1 

d' 


and showed 


that, for the same substance, it remained fairly constant, not 
only for widely diflering temperatures, but even for the change 
from liquid to gaseous form. Thus Eykman found that the 


value of this function for isosafrol, CjoHjoO., amounted to 
0-2925 and 0-2962 at 17-6“ and 141° respectively, and Lorenz 
obtained for water at 10° and water vapour at 100“ the values 
0-2 o 68 and 0-2061 respectively. 

For comparative purposes, it is usual to employ the atomic 
refraction (atomic weight X refraction constant) and the molec- 
utar refraction (molecular -weight X refraction constant) ; the 
latter, if we employ the second form of the refraction constant, 


is given by 


n- — I 


M 

d’ 


where M is the molecular weight. 


In this case also it has been found, from measurements on 
• many organic liquids, that the molecular refraction may be 
: represented to a first approximation as the sum of the refrac- 
tions of the component atoms, so that the refractive power is 
largely an additive property. 

Just as in the case of molecular volumes, however, there arc 
certain deviations from this additive behaviour (constitutive 
influences) which may be connected with the arrangement of 
the atoms in the molecule. BriJhl,® who has been particularly 
prominent in investigating this question, points out that the 


) "P'® expression here called the " refraction constant ” is sometimes 
called the " specific rcfractirity 

• For a short summary of BrOhl’s work, by himself, sec I-rac. VPujBf 
Institution, 1906, 16, !J3. 
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'MlKnlarrdractionrf cmptmntteMMMmtig doubk and tnple 

bond! is grwttr than the catcoUted %-alne, and he takes aixouDtj 
el this constitutive influence by ascnbing definite cefcactiviUH i 
to these bonds. The most recent values tor a tesv o! the elements j 
arc as follows ^ 

Do«UeTnjIe 

C H fia CO group) ^ ^ 

,• 4,8 ,.,oo a-JM 1-643 * 5^5 5 - 9 ^ *3-90 ^-733 


Later investigations show that neighbounng double or triple 
bonds exert a mutual inSuence, so that the matter becomes 
somewhat compheated. 

Conversely, at is sometimes possibly from measurements of 
the refractive index (or other physical property), to draw con- 
clusions as to the constitution of chemical compounds, but as 
our knowledge of the relations between physical properties and 
chemical constitution is very imperfect, method should only 
be employed with great caution. It is evident that no conclu* 
sions as to chemical constitution can be drawn from additive 
properties, but only from constitutive properties. 

Rotation o! Flaae ot Polarization o! Light— The properties 
of liquids so far dealt with have been mainly ad^tive, the 
magnitude of properties such as volume, eSect on the speed 
of light, etc., being much the same in the free state and tn 
combinaUon. We have cow to deal with the property pos- 
lessed by a few liquids (and dissolved substances) of rotating 
the plane of polariied light — a propeT ty.yhlchj3 epend 3_entireIy 
upon the.anangement_of the atpmsjn_the_rtiol5Cult» Isomeric 
substances have in general nearly equal molecular refractivity 
and molecular volume, but it often happens that of two isomeric 
substances, such as the two lactic acids, one rotates the plane 
of polarized light and the other does not ) 

Plane polarized light (light in which the vibrations are all in 
one plane) is obtained by passing monochromatic light through 
a polarizing prism (Nicol prism or tourmaline plate) which cuts 
oS all the rays except those vibraung in one plane. A prism 
of this type is mounted at some distance from another «tmilq r 
prism in such a way that Ught which has been polarized in the 


. referred to ike D Ime (wdrac, light) tai ait eaJcolated 

tecoramg to the Lortna fonaala. 
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first prism may be examined alter it has passed through the 
second prism, v/hich is termed the analyser. If now the 
analyser is rotated until it is perpendicular to the polarizer, all 
the fight which passes through the former will be cut ofl by the 
analyser, and on looking through the eyepiece the field will 
appear dark. If now, while the prisms arc in this relative posi- 
tion, a tube filled with turpentine is placed between them, the 
field again appears clear, but becomes dark on rotating the 
analyser through a certain angle. This observation is readily 
accounted for on the view that the plane of polarization is 
twisted through a certain angle whilst llic light is traversing the 
turpentine, and the analyser must therefore be rotated in order 
to bring it into the former relative position with regard to the 
polarized ray. The angle through which tlic analyser has been 
turned is read off on a graduated scale. Tlic instrument used 
for measuring the rotation of liquids, which consists essentially 
of the two prisms and graduated scale, as described above, is 
termed a polarimctcr. The observed angle of rotation depends 
on the nature of the liquid, on the wavc-lcngtli of the light 
employed in the measurements, and on the temperature, and 
IS proportional to the lengtli of liquid traversed. For purposes 
of comparison, the results arc usually expressed in terms of the 
specific rotation [a| for a fixed temperature, /, and a particular 
wavc-Icngtli of hglii (for example, sodium light) by means of 
the formula 



where a is the observed angle, / is the length of the column 
of liquid in dccimcirc.s, and d is the density of the liquid at the 
temperature t. The molecular rotation tnla) is obtained by 
multiplying the specific rot.ation by the molecular weight of the 
liquid. 

The .specific rotation of substances in solution is represented 
by the analogous formula 


{<■ 


Eld’ 


;vhcrc g is the number of grams of solute in too grams of the 



Mlution, i ii the "> ^ t™ptratuic I, 

ind a and / have the same siEmficaoce as belore. 

The liquids and d.ssolved substances tshrch possess this re 
maskable properly are almost eictoively eompoands contairurtg 
carbon. Further, only compounds containinE an asymmetric 
carbon atom, that h, a carbon atom joined to tour different 
croups, have the poo'cr of rotating polarized light (van t Hoff and 
Le Bel, thytl' For ejtample, the graphic formula of ordinary 
lactic acid, nbich is optically active, may be ornttea as f oUows 

CH, 

1 

H— O-OH 


shoeing no U-o ol At groups atvathtd to the central carboo 
aton^ ate identical A {vjtthet ttmaikable lact is that ^beo 
one (orm of a substance, such as lactic acid, caa rotate the 
plane of poUrized light to the nght, a second modification 
can always be obtained which, although identical with the 
first in all other physical properties, rotates polamed light 
to the left to the same extent as the first modification rotates 
it to the nght. The first is termed the deJctro or d modifi- 
cation, the second the laero or i modification- Van’t Hoff 
and Le Be! account for this on the hypothesis that the four 
diSctent groups are not in the same plane as the carbon atom, 
but are arranged in the form of tetrahedron with the carbon 
atom In the centre. It can be shown, most readily by means 
of a mode!,^ that when all four groups arc different there axe 


two arrangements which cannot be made to coincide by rotating 
one of the models. These two arrangements behave to each 
other as object and mirror image, or a right- and left-hand 
giovc, which cannot be brought into the same relative position, 
^d, according to the theory, correspond with the dexiro and 
Uno modifications respectively. Jf any two of the groups 
become identical, however, the two arrangements can always 

for . few p«ce, or on fee 
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he hroii(>!it to coincidence, and there is no possibility of optical 
isomerism. 

In caUml.atinn ll>e specific rotation of a dissolved aiibst.ancc, 
it is implieity asauined lli.il it is not affected hy an indifferent 
solvent. As a m.atter of fad, Imwcvcr, the mnicciiliir rotation 
of .a dissolved siihstanee often dillcr.s eonsidcrahlv from its value 
in the pure state. Tliis is well shown by flic follnwinit re.sidts 
ohi.mieil hy ratterson ' for /•inenthyluAlartratc in the pure 
st.ite, and in i-2 per eeiit. solution. 

Moleeul.rr Rotation of /-mentliyl-ddartralc. 

.s'idernt. Molfcular RdhUtoii tii 20“ 


None 

- IS.}" 

I'hliyl alcohol 

— 30(j-2' 

lleti.'ene 

— 2()f)-f 

Nitroheii/.enc 

“ 3-15’.V 


So far, no delimic connection has hern found between any 
other (iropeity of ilie solvent and its clfect on the rotation of a 
solute, Almost the only refjul.irity which has yet hee.n dis- 
covered in this hraneli of the suhjccl is that the rol.atory power 
of the salt of an optically active acid (or base) in dilute solution 
is independent of the nature of the h.if.e (or acid) with which it 
is comiuned. riiis important result is further referred to at a 
later stape. 

All transparent suhstanees, when placed in a nmnnctle, field, 
rot.ate the pl.me of pol.iri/.ed hplu, and the late Sir William 
I'erkin, who devoted m.oiy years to the syfUcmatic invcstifjation 
of this sidijcet, showed that this moipir/ic rfllntwH is, like refrac- 
tivity, hiffiely an addilive properly. 

Absorption of Llttht ' —When a ray of white liphl pas.scs 
tlirouith matter a preatrr or less amounl of absorption invari- 
aldy occurs, and the spectrum of the, issiiiiij^ ray show.s dark 
hamh coirespondinp. with (lie rays which have been absorticd. 
Ihis specttiim is termed an ttlfsoi f'tion (pn'hutn. Absorption 
may he (jeneral or selertive. In the former case there is u 

• tire 7'hiut, I'ifti. SiW, 1 <S 15 , (17, IjS. 

* t'luilri, an,/ ccfsc Vri'ffttiti (belli;- 

IilAin, lOto), Jip. 354MIJ. 
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general weakening throughout whole regions of the spectrum 
In the latter case, there are independent relatively narrow band 
in different regions of the spectrum. 

The absorption spectrum is one of the most characten'sth 
properties of a given substance or class of substances unde 
definite conditions. Tlius, for Instance, the absorption spectn 
of permanganates in dilute solution are characterised by thi 
presence of five dark bands in the green. 

In. th e cas e of liquids or solutions, absorption. is^most, con 
veniently measured in the transmitted light, asj^ready indi 
cated. In the case of solids, however, observations may Bi 
made wth reflected light, as part at least of the reflection take 
place from layers a little below the surface, and the short distahcl 
traversed is usually sufficient to produce some absorption. 

The method which is most largely employed in the case oi 
liquids Is to use as a source of illumination the electric arc 
or spark passing between metallic (preferably iron) poles, thi 
spectrum of the light being photographed after the latter hat 
passed through the liquid. Substances which have high ab 
sorbing power are usually examined m solution, and the solvent 
chosen should not itself show absorption m the part of the spec 
trum studied. Ethyl alcohol is most largely used as solvent. 

A very important question iiisuChTricasliremcnts is the effect 

^-1 ... *1.. ►... band — it very 

oft' ■ • • • ■ * ! . • . wltfilo certain limits 

of ■ ...... ’ , . . , carry out measure- 

ments With varying thicknesses of the absorbing layer and 
with varying concentrations. The solutions are made more 
and more dilute till absorption is no longer observed. For 
purposes of comparison, the solutions to be examined are 
usually made up to contain simple fractions of a mol per litre. 

The method usually employed in representing the results 
graphically require# some explanation. It is illustrated in Fig. 
10, which shows the absorption in the ultra-violet region of a 
solution of the amino derivative of dimcthyldihydrorcsorcin 
in ethyl alcohol. The diagram shows the presence of one 
band. The principle of the method is that the oscillation 
frequencies of the limits of the absorption band are plotted 
against the logarithms of the relative thicknesses referred to 
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be brought to coincidence, and there is no possibility of optical 
isomerism. 

In calculating the specific rotation of a dissolved substance, 
it is implicity assumed that it is not affected by an indifferent 
solvent. As a matter of fact, however, the molecular rotation 
of a dissolved substance often differs considerably from its value 
in the pure state. This is well shown by the following results 
obtained by Patterson * for /-mcnthyl-^-tartrate in the pure 
state, and in i-2 per cent, solution. 


Molecular Rotation of f-menthyl-ii-tartrate. 


Solvent. 

None 

Ethyl alcohol 

Benzene 

Nitrobenzene 


Molecular Rotation at 20° 

- 284'=' 

— 306-2® 

— 296-1® 

- 245 - 3 “ 


So far, no definite connection has been found between any 
other property of the solvent and its effect on the rotation of a 
solute. Almost the only regularity which has yet been dis- 
covered in this branch of the subject is that the rotatory power 
of the salt of an optically active acid (or base) in dilute solution 
is independent of the nature of the base (or acid) w-ith which it 
is combined. This important result is further referred to at a 
later stage. 

All transparent substances, when placed in a magnetic field, 
rotate the plane of polarized light, and the late Sir William 
Perkin, who devoted many years to the systematic investigation 
of this subject, showed that this magnetic rotation is, like rcfrac- 
tivity, largely an additive property. 

Ateorption of Light ' — When a ray of white light passes 
through matter a greater or less amount of absorption invari- 
ably occurs, and the spectrum of the issuing ray shows dark 
band^ corresponding with the rays which have been absorbed;' 
This spectrum is termed an ahoij)tion "s^eclJuin: '' Absorption 
may be general or selective. In the former case there is a 


‘ Sec Trsr.t. Cirm. Sot., igo$, 87, leS. 

’ Smites, Ckemici’,1 Conssiiutivn and some Physical Properties {Long- 
ina-ns, 19J0), pp. 324-453. 
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general weakening throughout whole regions o( the spectrum ; 
in the latter case, there are independent relatively narrow bands 
In different regions of the spectrum. 

The absorption spectrum is one of the most characteristic| 
properties of a given substance or class of substances under, 
definite conditions. Thus, for instance, the absorption spectra* 
of permanganates in dilute solution arc characterised by thej 
presence of five dark bands in the green. ! 

In the case of iK^uids or solutions, absorptiorv is_most_con* 
veriiently measured in the transmitted light, as already Indi- 
cated. In the case of solids, however, observations'may^ te 
made wth reflected light, as part at least of the reflection takes 
place from layers a little below the surface, and the short^distance 
traversed is usually sufficient to produce some absorption. 

The method which is most largely employed in the case ol 
liquids is to use as a source of illumination the electric arc 
or spark passing between metallic (preferably iron) poles, the 
spectrum of the light being photographed after the latter has 
passed through the liquid Substances which have high ab- 
sorbing power are usually examined m solution, and the solvent 
chosen should not itself show absorption m the part of the spec- 
trum studied Ethyl alcohol is roost largely used as solvent 

A very important question ici such'ro'eas'ufc'ments is the effect 
of dilution on the pers istence and intensity of a band — it very 
often happens that a ban3” ap^ar's' oiify wlKTn certain bmits 
of dilution. For this reason, it is usual to tarry out roeasure- 
ments with varying thicknesses of the absorbing layer and 
with varying concentrations. The solutions are made more 
and more dilute till absorption is no longer observed. For 
purposes of comparison, the solutions to be examined are 
usually made up to contain simple fractions of a mol per litre. 

The method usually employed in representing the results 
graphically requires some explanation It is illustrated m Fig. 
10 , which shows the absorption in the ultra-violet region of a 
solution of the amino derivative of dimcthyldihydroresorcin 
in ethyl alcohol The diagram shows the presence of one 
band. The principle of the method is that the oscillation 
frequencies of the limits of the absorption band are plotted 
against the logarithms of the relative thicknesses referred to 
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the thinnest layer ol the most dilute solution examined. It is 
more convenient to use the logarithms of the relative thicknesses 

than the thicknesses 
Osdihiion Frequencies. themselves as ordinates. 



Fio. lo. 


The latter are shown on 
the right-hand side of the 
figure, and it is evident 
that if equal increments 
of thickness were used, 
the curve would become 
inconveniently long. The 
space above the curve 
shows the wave-lengths 
of the light absorbed at 
dilTercnt dilutions, and 
the curve itself represents 
the limits of the absorp- 
tion. The lowest part of 
the cur\’c, usually termed 
the " head,” is that point 
at which the strongest 
absorption takes place ; 
in the diagram it occurs 
at an oscillation fre- 
quency of 3600 units. 
The so-called “ persis- 
tence " of the band is 
the diflercncc of the loga- 
rithms of the thicknesses 
at which the band makes 
its appearance and dis- 
appears respectively, and 
is indicated on the dia- 


gram by Its depth (in the 
present case c.\'tcndmg from i to 23 units). 

It may be mentioned that most of the measurements have 
been made in the ultra-violet region of the spectrum, but a 
certain number of obsen-ations have also been made in the 
visibJc and ultra-red regions. 
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A great deal ol dijcusslon has taken place as to the mechanism 
of light absorption, and a dynamical explanation has found 
most favour. According to Drude, absorption in the ultra* 
violet and visible regions is connected with the presence of 
negative electrons (valency electrons), and there is doubtless 
some intimate connection between the rate of vibration of the 
electrons and the frequency of the light waves absorbed. It 
appears, however, that absorption in the ultra-red region is due, 
not to electrons, but to particles of much greater magnitude, 
probably atoms or even groups of atoms. 

As already indicated, the absorption spectra of chemical 
compounds are closely related to their constitution, and in 
recent yean this method of elucidating chemical constitution 
has come increasingly into use. The progress made In this 
branch of investigation ts mainly due to Hartley, and within 
the last few yean to Daly and his co-workers.' It is impossible 
here to do more than to indicate in the briefest w*ay the broad 
diiTerences between the absorption spectra of the main groups 
of organic compounds 

According to Hartley,' all compounds which exert selective 
absorption are of aromatic character, for example, benzene, 
pyridine, and their derivatives Those showing strong general 
absorption have also a cyclic structure, but arc not typical 
aromatic compounds ; examples, thiophene, piperidine, etc. 
Finally, compounds which exert only a weak general absorption 
are open chain compounds , examples, fatty alcohols, esters, 
etc. Although recent investigation has led to the discovery of 
one or two exceptions to these geticraluations, they remain 
substantially accurate. 

Apart from these broad differences in the absorption curves 
of different groups of organic compounds, it has been shown 
by Hartley that substances of closely allied constitution have 
absorption curves of similar type. The recent progress in the 
establishment of the chemical constitution of organic compounds 
from measurements of their absorption spectra ts entirely due 
to the application of this important rule. Thus if the con- 
tutution of one compound is known wnih certainty from its 

* Tmt. Cktn Soc. fiwa 1904 Oawa.tU. 

* Brituh A&socuUoo Report. 1903 
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dicmical bdinvioiir, and a second compound can be represented 
by altcrnalivc formula:, of which one is analogous to that of 
the compound of known constitution, a comparison of absorp- 
tion spectra often enables a decision to be made. 

Like the other physical mclhod.s of determining chemical 
constitution, the one under discussion should be used willi 
considerable caution in the present very imperfect slate of our 
knowledge of absorption phenomena. As a supplement to 
purely chemical methods of determining constitution, however, 
cspcci.rlly when such methods lead to contradictory results, it 
is rendering v.du.ibic service. 

As rc'ipirds the arlditive character of absorption spectra, 
cornpar.iiivelv little is known with certainly. The determina- 
tion of the ellect ol dillcrcnt groups of atoms on the character 
of the .ib'.uiplion .spectrum is attended with consicicrabic difii- 
cully, but some progress has been m.uic in this direction. 
Ultra-red .ibsorption spectra have a pronounced additive char- 
acter ; this IS prob.ibly connected with the generally accepted 
view that .dtsorption m this case is connected with the vibrations 
of the atoms themselves. 

Viscosily—Tlic measurement of internal friction, or viscosity, 
gives information as lo the work done in the relative displace- 
ment of ilie p.iriuies ol ,i .solid, liquid, or gas. In tJic ease of 
liquids, for whu li the luoperly h.is been most fully investi- 
gated, the viscoMiy is most cuiivcnteiuly studied by observing 
the r.ite of How through c.qnll.iry lubes. We may assume 
that the l.aycr of liquiij in cont.ict with the wall of the lube 
i.s at rest, th.it ilie layer next to it is moving slowly parallel to 
the axis of the tube, .nnl ili.u the rale of movement gradually 
increases lou.inh, (he interior, attaining its maximum at the 
centre of the tube, It is evident that the rate of displacement 
of the htyers with regard to e.ich other must be mainly deter- 
mined by the amount of friction between them, and hence 
measurements of the r.ite of flow afford information as to the 
viscosity of liquids, I he converse of viscosity is termed //m’l/iVy 
a liquid of .small viscosity, such as ether, is said lo have a high 
degree of lluidity. 

Ihc magnitude of the viscosity depends grc.uly on the 
nature of the liquid. I bus the viscosity of warm ether is 
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very small, whereas that of treacle and of pitch is so great that 
they approximate to the behasdour of solids, the internal friction 
of which is extremely high. The internal friction of gases is 
very small (p. 37). 

The cofflcient of viscosity, ij, is usually defined as the force 
required to move a layer of unit area in unit time through a 
distance of unit length past an adjacent layer unit distance 
away. For water at 15*, i;s5»tM)i34 in absolute units; for 
glycerine at the same tempciature, tj *= 2*34. 

The eoeflicient of viscosity of a liquid can be calculated 
from the rate of outflow from a cylindrical tube by means of 
the equation 



where v is the volume of liquid discharged in the time /, p the 
pressure under which the outflow takes place, r the radius and 
I the length of the tube. In practice, however, the rate of 
flow of the liquid is compared with that of a standard liquid, 
usually water, under the same experimental conditions, and its 
absolute viscosity, 17, calculated by means of the formula 

m - " 

where 77. is the absolute viscosity of water at the temperature 
of the experiment, and I and are the times required for the 
discharge of equal volumes of the liquid and water respectively. 

The viscosity of liquids diminishes rapidly as the temperature 
rises, but so far no simple relationship of general applicability 
connecting change of viscosity and temperature has been dis* 
covered. 

Measurement ol Viscosity — ^The determination of viscosity 
by the comparative method may be conveniently earned out 
with the apparatus described by Ostwald and illustrated in 
Fig. 1 1. It consists essentially of a capillary tube, connected 
at Its upper part with a bulb, k, and at its low cr end with a w ider 
tube, bent into U-shape and provided with a bulb, e Marks 
are etched on the capillary tube at r and d above and below 
the bulb k. The apparatus is 61led at / with a definite volume 
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of the liquid, which is then sucked into the other limb till the 
surface rises above the mark c. The time required for the level 
of the liquid to fall from r to is then noted. Observations 
have previously been made with water under similar con- 
ditions. As the pressures under which the discharge takes 
place are in the ratio of the density, d, of the liquid to that 
of water, the relative viscosity, x — is 
given by the equation 

.V = dtjdj^. 

On account of the great influence of tem- 
perature on the viscosity, the measurements 
must be made at constant temperature, and 
for this purpose the apparatus is so con- 
structed that it can conveniently be im- 
mersed in a thermostat. 

Results of Viscosity Measurements * — Re- 
ference has already been made to the 
enormous differences in the viscosity of 
liquids, and also to the fact that tempera- 
ture has a great influence on the magnitude 
of the viscosity. In comparing different 
liquids with regard to viscosity, we are again 
confronted with the difficulty of deciding at 
what temperatures the measurements should 
be made. The choice of the boiling-points 
as corresponding temperatures (p. 70) did 
Fio, n. not in this case lead to very satisfactory 
results, and most regularities were observed 
by using the data for points at which the rate of change of 
viscosity with temperature is the same (Thorpe and Rodger). 

A comparison of substances of allied chemical constitution 
shows that viscosity is to some extent an additive property, but 
is greatly affected by constitutive influences. 

The absolute viscosity of a number of pure liquids at 0 ° and 
at 25” is given in the accompanying table (Walden) ; — 

' Smiles, he. tit., pp. 51-105. 
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IPKti 


» »i fj*. 

Acetone . . • 

Mctbjl alcohol . > 

Acetic anhrdride . . 

^Vafe^ .... 
Fthjfl alcohol . . 

Fenjenitrile . . 

Kitrobenrcne . . 

crootw 

000S46 

0^139 

00178 

oot79 

crot94 

00307 

000316 

ooojSo 

ooo‘6o 

oocAoi 

ooloS 

OOIIS 

OOIS3 


In recent years the viscosity of mixlures of liquids has been 
the subject of a good deal of investigation. If for simplicity 
TIC confine our attention to mixtures of two components only, 
three classes may be distinguished : — 

(j) The viscosity of the mixture lies between those of the 
pure components. Example, ethyl alcohol and carbon disul* 
phide. 

(a) The viscosity of the mixture in certain proportions is 
greater than that of either component Example, pyridine 
and water. 

(3) The viscosity of the mixture in certain proportions is 
less than that of either constituent Example, benzene and 
acetic acid. 

A few numben illustrating the behaviour of the mixtures 
cited as examples of classes (z) and (3) are given in the ac- 
companying table : — 


Prrli.m tsdWitnl 

Itennoc ip* Anile Aell.> 

Per cm. 
pTcUiae. 

« ti »j*. 

OeBceac, 

e«lt 5 *. 

000 

19-jS 

30- 

59-70 

00-65 

So -15 

loooo 

oooS^o 

001336 

ooion 

003107 

003335 

00189* 

ooo535 

000 

34-93 
*S *9 
77*26 

«9 7 S 
97*5 
10000 

00117* 

00073* 

oooCiOO 

000597 

000591 

000594 

00059S 


• IlirtJey, Tbomi*. and AppItW, Tram Sae , 190.S, 91 , 53!. 

• Do&itjn, liiJ., 190J. 87, 16. 
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The results are ver%' similar to those lor the vapour pressures 
of binary mixtures, described later (p. 99). 

No general agreement has so far been reached as to the 
explanation of these remarkable differences in the behaviour of 
binary mixtures (compare p. 343). 

Measurements of the viscosity of salt solutions {solutions 
which conduct the electric current) have also led to interesting 
results, but they cannot be usefully considered at the present 
stage. 

Molecular Weight of Liquids— Our knowledge as to the 
molecular weight of pure liquids is due mainly to the investi- 
gations of Eotvfis (1886) and of Ramsay and Shields (1893)1 
and is based on the remarkable rule, discovered by Eotvfis, 
that the rale oj change of the “ molecular surface energy " of many 
liquids with temperature is the same. If y represents the surface 
tension and therefore the energy per sq. cm. of surface and s 
the " molecular surface," the rule in question may be written 


diys) ^ 
di 


( 1 ) 


where e is a constant.^ The molecular surface, 5 , can be cx- 


* The student should make himself familiar wdUi this method of rcpTC» 
Kenitng rate of chan^'c, as it is brpely used in physical dicmislry. It is 
perhaps most rendily understood by considering the rate of change of 
position of a body as discussed in mcciianics. If a body is monng with 
uniform velocity, the velocity can at once be found by dinding the distance, 

/, traversed by the time, taken to traverse it, hence vclocitv » The 

/ 

velocity may, however, be continually aUenng, and it is often desirable to 
express the velocity at any instant It is not at first sight evident how 
this can be done, as it requires some time for the particle to traverse any 
measurable distance, and the velocity may be altering during that time. 
TIic nearest approach to the real s-clocity at any instant will be obtained by 
taking ilie time, and Oicrcforc the distance traversed, os small as possible. 
Vkt might then imagine an ideal case in which r and / are taken so small 
that any error due to Ujc variation of speed during the time / can be neglected. 
If we represent Mrre values of s and / by and rcspccti\*cly, the speed 
of the particle at any instant will be given by 

In the example given in the text, £f(ys)tdf represents the rate of change 
of the prwiuct with temperature, and the equation shows that the rate of 
cJiangc is constant. 
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pressed in terms of readily measurable quantities as follows : 
The molecular volume of any liquid is represented by Mp, 
where M is the molecular weight and p the specific volume. 
If the molecular volume is r^rded as a cube, one edge of 
the cube will measure (Mp)*'"*, and the area of one side of it 
(Mp)*'*. (Mp)’** may therefore be called the molecular surface, 
s, and just as the relative molecular volumes of different liquids 
contain an equal number of molecules so the relative molecular 
surfaces for di^erent liquids are such that an equal number 
of molecules lie on them. Equation {\) then becomes 

di ' <1 — ^ ' 


where y, and y, are the surface tensions of a liquid at the 
temperatures /, and /| respectively. From equation (J) we 
obtain, for the molecular weight M, 


, f <(>1 - r.l 1" 


(3) 


The surface tension of a large number of pure liquids at differ- 
ent temperatures has been measured by Ramsay and Shields 
by observ'ing the height to which they rose in capillary tubes. 
The results show that, if M is taken as the molecular weight 
corresponding with the simplest formula of the liquid, the 
value of f for the majonty of substances is about — 7’13. 

The method may be illustrated ' by a determination of the 
molecular weight of liquid carbon disulphide. The experi- 
mental data arc Uiat y = 33 6 ergs per sq cm at and 

29'4 ergs at 46*1": the specific volume (l/density) of carbon 
disulphide at I9'4* is i/x-264, at 46-i" it is 1/1-223. Hence 


= / -a i;(iS)-4-4fri) 5,., 

\33-6 /(i-! 64)’'' — 29-4/(l-323)*''/ 


as compared with the value 76 calculated from the formula. 

As already indicated, the surface tension of a liquid in 
contact with its a-apour diminishes as the temperature rises and 


Rimsaj ind Shicicis, Tra^f. Ci/m. S^., iSyj, 63, tco6. 
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The results are vcr\' similar to those for the vapour pressures 
of binar>' mixtures, described later (p. 99). 

No general agreement has so far been reached as to the 
explanation of these remarkable differences in the behaviour of 
binan,’ mixtures (compare p. 343)- 

Measurements of the viscosity of salt solutions (solutions 
which conduct the electric current) have also led to interesting 
results, but they cannot be usefully considered at the present 
stage. 

Molecnlar Weight 0! Liquids— Our knowledge as to the 
molecular weight of pure liquids is due mainly to the investi- 
gations of EatvOs (18S6) and of Ramsay and Shields (1893), 
and is based on tlie remarkable rule, discovered bj' Eotvos, 
that the rate of change of the “ molecular surface energy ” of many 
liquids with temperature is the same. If y represents the surface 
tension and therefore the energy per sq. cm. of surface and 5 
the “ molecular surface,” the rule in question may be written 


dl 


(I) 


where r is a constant.* The molecular surface, s, can be ex- 


' Tlie student should mnhe himself familiar with this method of repre- 
senting rate of ch.mge, as it is largely used in physical clicmistry. It is 
perhaps most re.idily understood by considering the rate of change of 
position of a body as discussed in mcchnnics. If a body is mosing with 
uniform velocity, the velocity can at once be found by dividing the distance, 

r, traversed by the time, /, token to tras'crse it, hence velocitv — L. The 

t 

velocity may, however, be continually altering, and it is often desirable to 
express the velocity at any instant. It is not at first sight evident how 
this can be done, as it requires some time for the particle to traverse any 
measurable distance, and the velocity may be altering during that time. 
The ne.aresl approach to the real velocity at any instant will be obtained by 
taking the time, and therefore the distance traversed, as small as possible, 
kic might then imagine an ideal case in which r and t are taken so stnall 
that any error due to the variation of speed during the time / can be neglected. 
If we reprwent these values of s and t by ds and dt respectively, the speed 
of tlie particle at any instant will be given by dsidt. 

In the example given in the text, dlysi/dt represents the rate of change 
c. the pioduci with temperature, and the equation shows that the rate of 
ciiange is constant. 
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pressed in terms of readily measurable quantities as follows : 
The molecular volume of any liquid is represented by Mu, 
where M is the molecular weight and v the specific volume. 
If the molecular volume is regarded as a cube, one edge of 
the cube will measure and the area of one side of it 

(Mt-)*'*. (Mv)*'* may therefore be called the molecular surface, 
j, and just as the relative molecular volumes of different liquids 
contain an equal number of molecules so the relative molecular 
surfaces for different liquids are such that an equal number 
of molecules He on them. Equation (i) then becomes 

4y - r f2i 
A ■ ‘ ^ 


where V} and yj are the surface tensions of a liquid at the 
temperatures /, and If respectively. From equation (2) we 
obtain, for the molecular weight M, 


M 


( - f«) 


(3) 


The surface tension of a large number of pure liquids at difer* 
tot temperatures has been measured by Ramsay and Shields 
by observing (he height to which they rose in capillary tubes. 
The results show that, if M is taken as the molecular weight 
corresponding with the simplest formula of the liquid, the 
value of e for the raajonty of substances is about — a*i2. 

The method may be illustrated * by a determination of the 
molecular weight of liquid carbon disulphide. The experi- 
mental data are that y sss 33 6 ergs per sq. era. at 19*4®, and 
29-4 ergs at 46-i": the specific volume (i/density) of carbon 
iiiulpMdt at ip-4" i, t/i-is,; at 4 «t” it is 1/1-223. Hmce 


M 


— 2-1211Q-4 — 46 ii 
33-6;(l-264)’f> - 29-4/(f223)'l'J' ~ 


as tonpated with the value calcubted /rom the formula. 

As already mditated, the surface tension of a liouid in 
eontatt -mlh its vapour diraiiiishes as the temperature rUes and 


•lUnis, „4 SWeia,. rni„.Cim S«,,S„, 63, . 006 , 
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becomes 7.cro at the critical temperature, v.-hcre the surface of 
separation between liquid and vapour disappears {p. 59). If 
temperatures arc measured downwards from the critical tem- 
perature as r.cro, di in equation (l), p. 86, has a positive value, 
and therefore c is positive. In the next section for convenience 
positive values of the constant will be used. It should be 
added that the ni!c regarding the constancy of the expression 
d{ys)ldl only holds for temperatures at some distance (say 50°) 
below the critical temperature. 

Results of Measurcmetits— Among the liquids which give 
values for c about 2-12 are the following; benzene z-iy, carbon 
tetrachloride 2-n, silicon tetrachloride 2-03, ethyl iodide 2’I0, 
ethyl ctlicr 2-17, bcnzaldchydc 2-t6, aniline 2*05. On the other 
hand, many substances give values for c which arc much smaller 
than 212 and which vary with the temperature. Thus for ethyl 
alcohol the values of in the neighbourhood of 

the temperatures indicated arc as follows : fl8 at 30®, 1‘3I at 
90®, i-4ti at tjo®, 1'77 at 185® and 5-94 at 225®. Among sub- 
stances which give low values for c arc the alcohols, the organic 
acids (acetic acid 0-90 at 16-46®), acetone and water. 

Tile most plausible explanation of these obscrc’ations is that 
liquids which give constant values (or c approximating to 2’12 
are non-nssociated, whilst those giving smaller values for this 
factor arc .associ.ited. We m.ay assume that association would 
tend to lower tlie molecular volume and thus give a smaller 
v.ilue for c, as is actually found. Tlic fact that for liquids with 
.•ibnorrn.Uly sni.ill v.ducs for c the latter increases steadily with 
the temperature is also in harmony with tliis explanation, since 
it may be assumed that Uic molecular complexity diminishes 
with rise of temperature. 

.•\ttcmpts have been m.ade to deduce from the observed 
%'a!ucs of d{ys)ldl the degree of complexity of associated liquids, 
but the results arc by no mc.ans conclusive. According to 
Ramsay, the association f.actor of water at 5°, 25°, 45®, and 85° 
is 5 '^L 5 M 4 . 3 'I 3 . i'nd 2-79 respectively; van der Waals, how- 
ever, deduces from the s.amc data considerably smaller values 
for this factor.* It is quite certain that water under ordinary 

• rh sil.:!. 1S04, IS, 713. See also General Duoission, 

Tr^'is. S.'i., 1910, C, 
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conditions is a complex mixture of molecules of the formula 
HjO, (HjO)i, (HjO)j and perhaps still more complicated aggre- 
gates, but the average degree of association at any given tem- 
perature is not definitely known. 

Recently Walden • has shown that the value of d(yi)/A for 
palmitic and stearic acids is greater than $ between and 
130 *. On the basis of the above interpretation of abnormally 
small values of the temperature coefficient in question, this 
would appear to indicate that the two acids are highly dissociattd, 
whilst direct determinations in solution show that the mole- 
cular weights are normal This affords further evidence in 
favour of the conclusion indicated above, that the rule of 
Efitvfts is only approximately valid. 

The Nature ol Sorlace Tension — A deeper insight into surface 
tension is obtained on the basis of the molecular theory. We 
assume that liquid particles attract each other with a force 
which falls olT very rapidly with the distance A particle in 
the interior of a liquid is equally attracted on all sides, but a 
particle in the surface layer is attracted inwards by all the 
particles of liquid within its sphere of influence, the corre- 
sponding attraction by the few particles m the vapour space 
being negligible In comparison It follows that at the surface 
of liquids there is a force — the so-called surface tension— acting 
inwards, the liquid behaving as if it were covered by an elastic 
skin. 

It is evident that work must be done against molecular 
attraction in bringing a particle to the surface layer, and there- 
fore the formation of a larger surface involves an expenditure 
of energy. The surface energy is proportional to the product 
of the surface tension y and the area of the surface, and therefore 
the molecular surface energy is represented by the expression 
y(Mp)*/*, as already mentioned. A liquid tends to diminish the 
area of its surface as much as possible in virtue of the force 
tending to draw the particles on the surface towards the interior. 
The tendency of liquid drops to assume a spherical shape and 
of minute drops to aggregate to lai^r drops is thus readily 
explained. The force of attraction between the molecules In 
a liquid produces what is known as internal pressure (p. 41), 

* Zntick PiytiiaL CJnm , 1911, 7 S, 555 
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which is in many cases ol the order o{ hundreds of atmospheres. 
Since surface tension is also due to attraction of molecules it 
aflords a rough measure of the internal pressure. 

Tlie Paraiior— We have seen in the course of this chapter 
that the measurement of certain physical properties of liquids 
can be used to throw light on chemical constitution. A furtlicr 
property related to surface tension, and known as Ihe parachor, 
has been used for this purpose by Sugden * with considerable 
success. 

Some years ago it was shown by Maclcod ^ that the formula 

y=c{D-rf)^ . . . (I) 

where y is the surface tension, D and d are tlic densities of 
liquid and saturated vapour respectively and c is a constant, 
holds over a wide range of temperature. Sugden points out 
that if the fourth root of Macleod’s constant is multiplied by 
the molecular weight, M, we obtain 

P = = . . (2) 

P being termed ihe parachor. 

At low temperatures, when d is small compared with D, 
M/(D — d) may be taken as the molecular volume of the liquid 
and we have 

.... ( 3 ) 


It will be evident from formula (3) that the comparison of 
parachors is equivalent to the comparison of the molecular 
volumes at temperatures at which liquids have the same surface 
tension, or, in other words, the same internal pressure. 

The magnitude of the parachor, like the molecular rcfractivity 
and other properties, depends on the composition and constitu- 
tion of the molecule and is the sum of two series of constants, 
one series representing values for the individual atoms, the 
other values for double and triple bonds, six-membered rings 
and other factors of constitution. Conversely, from the value 


*9^4. 125, 1177 , nnd subsequent p.npcn5. 
•Miiclco-i, rranr. 19 * 3 , 19, " 


.38. 



LIQUIDS 


o( the parachof determined experimentally conclusions can be 
drawn as to tlic constitution of the molecule. The parachor is 
of special interest because It appears to hold consistently for a 
Urge number of elements for which the rcfractrometric and 
other methods cannot be used. 

Practical Dlostrations — Critical Phenorr.ena—lhe critical 
phenomena can be observed in an apparatus, constructed 
like that of Cagniard la Tour, but more simply as follows : 
A tube 3*4 mm. internal diameter and 3*4 cm. long is con* 
structed out of a piece of glass tubing, the walls of which are 
O7-0-8 mm. thick, by closing one end in the blow*pipe and 
drawing out the other at a distance 3*4 cm. from the closed end 
Into a fairly long (5-6 cm.) thick-walled capillary tube. The 
capillary is then bent, at a point about t cm. from the commence- 
ment of the wide part of the tube, at right angles to the latter and 
then partly filled with ether as follows. The tube is w'armcd and 
the capillary end dipped into ether, which is drawn into the tube 
as the latter cools. The ether in the tube is then boiled gently 
to expel all the air, the end of the capill.rry dipping all the time 
in ether, and on again allowing to cool, ether is drawm in so as 
practically to fill the tube The excess of ether is then boded 
of! till the tube is about three-quarters full, the end of the 
capillary being in ether throughout, and then allow-ed to cool 
till the liquid just begins to nse up the capillary tube, showing 
that the pressure inside is somewhat less than atmospheric ; the 
capillary is then rapidly sealed off near the bend on the side 
remote from the tube. 

In order to observe the capillary phenomena in the tube 
thus prepared, the latter is suspended by a wire and heated by 
means of a Bunsen burner held in one hand, the face being 
protected, in the event of an explosion, by a large plate of 
glass held in the other hand. In this way, the complete dis- 
appearance of the liquid above a certain temperature, and its 
reappearance on cooling, may be obser\’ed without the least 
danger. 

When practicable, the tube may be heated in an iron or 
copper vessel provided with mica windows, and the critical 
temperature may be read off on a thermometer placed side by 
Side with the tube in the air bath. 
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Qoncral--Up to the prcr.cnt, we have dealt only with the 
propcrtic!< of pure raihstaiiccs which may exist in the gaseous, 
liquid, or solid state, or simultaneously in two or all of these 
states. We now proceed to deal with the properties of niixium 
of two or more pure suhstance.s. When these mixture.s arc 
homogeneous, tliey arc termed sphitions} 'I'hcrc arc various 
classes of solutions, depending on the stale of the components. 
The more important are ; — 

(i) Solutions of gasc.s in gases ; 

(ii) Solutions of (a) gases, (!») liquids, (c) solid.s in liquids ; 

(iii) Solutions of solids it\ r>oUds, so-called solid solutions { 
and c.rch of these classes wilt he hriedy considered. 

A rlistinclion is often drawn between solvent and difisolvcd 
r.ubslance, hut, as will .appc.vr particularly from the sections 
dealing with the mutual soUihility of liquids, there is no sltarp 
distinction between tlte two terms. The c.onrponcnl which is 
present in greater proportion is usually termed the solvent. 
The disso!ve<l sul>si.\nce is sometimes called the solutf. 

When one of the compounds is present in very small pro- 
portion, tite system is termed a dilute sotuliou, and as the laws 
representing t!ic hchavio\ir of dilute solutions arc comparatively 
simple, they will he dealt with separately in the next chapter. 

Solution of Ga.sos in Gases —This class of solution difTcr.s 

* Uif irrm ii'>ltiiiun ii nlvo Hppliril to misliire'i wliii-li npjicnr Iiomo- 
C'.-nri.iM to ilir ii.ikfii eye lull lirterogrnroiK wlirn rxn(iiiiu-<l wiili i\ tnlcru- 
jiope I'l ii!u,itiiii>r<ui opt*, r.f,, cotloiilol solution of ntu-iiir sulpliiile. 

I !l'^ uui.U Urtuiitii'ii of n ‘nliitinii h "n liotnogcnootn itiixnirr wiiifh 
ninnot t>? *cp;»tat«l imo is* nampontniti liy inecliftnlcfit tnenm," tmt the 
U<t p.itl ol this ilrfitiition h opirn to olijccllon, 
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from the others in that the components may be present in any 
proportion, since gases arc completely miscible. If no chemical 
change takes place on mixing two gases, they behave quite in* 
dependently and the properties of the mixture are therefore the 
sum of the properties of the constituents. In particular, the 
total pressure of a mixture of gases is the sum of the pressures 
which would be exerted by each of the components if it alone 
occupied the total volume — a law which was discovered by 
Dalton, and is known as Dalton's law of partial pressures. 
Dalton's law is of the same order of validity as Avogadro’s 
hypothesis; it is nearly true under 
ordinary conditions, and would in all 
probability become strictly true at 
great dilution. 

Dalton’s law can of course be tested 
by comparing the sum of the pres* 
sures e.xerted separately by two gases 
with that after admixture, but it is 
of interest to inquire into the pos- 
sibility of measuring the partial 
pressure of one of the components 
in the mixture itself. It was pointed 
out by van’t Hofl that this is always 
possible if a membrane can be ob- 
tained which allows only one of the 
gases to pass through. This sugges- 
tion was experimentally realized by Ramsay * in the case of 
a mixture of nitrogen and hydrogen as follows : P (pjg, \2) is 
a palladium vessel containing nitrogen, the pressure of w hich can 
be determined from the difference of level between A and B 
in the manometer, which contiuns mercury. P is enclosed in 
another vessel, which can be filled with hydrogen at any desired 
pressure. The vessel P is heated and a stream of hydrogen at 
known pressure passed tlirough tlie outer vessel. As palladium 
at high temperatures is permeable for hydrogen, but not for 
nitrogen, the former gas enters P till its pressure ouuide and 
inside arc equal. The total pressure in P, as measured on the 

* Pkil. 1894 I*.], 88, jo6. 
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inMiowcU'i', i". ('.fi;;Ucr t!»nn the- jncwuri' in tiic (uUcr vc-.pcI, 
and it in nn oxiifiiinctitid fad tli.K t!m pxccnn pirsnurc iivade in 
;\j>|tioKim.ilrly pipial to Utc iwrlial piT-wuro of llie nilroneiu 

If, on tlio oilirr hand, we Mart witli n inixtnrc of hydrnpon and 
nitroj-rn, and wi-di to find llte partial prwnirc of the latter, all 
llial in nreen-saty in to pnt the niixlnre innidc a palhulitnn hnlh, 
K'ffp (he latter at a conntant liij;h temperature anti (lann a enrrent 
of hydroj’.en at known prensnre throvii'.h the outer vcnsol till rrnii* 
lihihnn in attained, an Mtown on the ntanotnctir. The diifevcnec 
hetween the external and internal prensnre la then the partial 
pie.euiie of the niiropen. Thin very inntrnetivc experiment will 
i'c referred to later iiv eointcdion with the tnodern tlieory of 
rolntionn (p, tO')). 

fiolnbilily ot GatiOH in Liquitln-'lit conlrant to the eoiniilote 
mi'a'dality of I'.anen, lupiidn are. only oapahlo of dinaolvinst y.iO'C* 
to a limited exteiti. When a Ittpiid will imt take np any more 
of a pan at eonntani lemperaltire it is said to he saturated 
with the pas, and the tesultinp solution ia termed n iafiaafeif 
je/nfiaii. The amiamt of i\ pan taken np hy a deCmilo volume 
ol rniuld depends on (a) the pressure of the p.as, (h) the leirr* 
per.ilme, (r) the nature of the pan, (if) the nature ot tho litptkl. 

Tlie pieater the pressure of a pas, the preater ia the tpianlity 
of it taken up hy the, solvent. I'or ipises wliioh are not very 
, soluhle, and do not enter into chemieal enmhination with the 
solvent, the relation heiween pressure and snluhilily is expressed 
hy llenty’s law as follows; 7Vir ipiioi/i/y of i^as »/> hy a 
piret! I'a/ioMe of .viifiriil is prapmttanaf h> the /'re.r.tnrr if thi' pas. 
Anotiitr way <if siatiup llciwy’n law ia that the volume of a p.ot 
taken up hy a piven volume vT aolvent ia indein'ndcut of the 
pies'-ute. 'I'his is elearly eijnivalent to the I'lrsl .'itaicment, he- 
earise wlten the pressure in doubled the (piaulity of p.vi absorbed 
is doubled, but since its volume, by Uoyle'a law, is halved, the 
oiie.inul and final volumes dissolved arc npial. 

itie nm'stion may be rep.inlrd funu a aliphity ilineieul point 
of view, which is instructive in connection with later wmk. 
Wlion a drlmitc volume of liquid is saturated wiilr a p.is at a 
ceil.riu pressme, tbcie in an cijoilibrimn between the dissolved 
p.o; and ikai over the llijiiid, and Ileniyhs law may be expressed 
m llte altetn.stivc (oim ; The tviteailtiitioii of the i/i.v.sc/i‘f,f p.ii is 
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propoTlional to that in the free space alcve the liquid. We may 
consider that the gas distributes itself between the solvent 
and the free space in a ratio which is independent of the 
pressure. 

For purposes of comparison, the soK'cnt power of a liquid for 
a gas is best expressed in terms of the ** cocfTicient of solubility,’* 
which is the volume of the gas taken up by unit volume of the 
liquid at a definite temperature.* The so-called " absorption 
coefiicient" of Bunsen, in which solubility measurements are 
still often expressed, is the volume of a gas, reduced to o* and 
76 cm. pressure, which is taken up by unit volume of a liquid 
at a dehnite temperature under a gas pressure equal to 76 cm. 
of mercury. The solubility of gases in liquids diminishes fairly 
rapidly with rise of temperature. 

With regard to the influence of the nature of the gas on the 
solubility, it may be said in general that gases which have 
distinct basic or acidic properties, for example, ammonia and 
hydrogen chlonde, are very soluble, whilst neutral gases, such as 
hydrogen, oxygen, and nitrogen, are comparatively insoluble. 
Further, gases which are easily tiquefled, for example, sulphur 
dioxide and hydrogen sulphide, arc fairly soluble. 

As regards the relation between solvent power and the nature 
of the liquid, very little is known In general, the order of 
the solubility of gases m different liquids is the same, and 
the solvent power of a liquid therefore appears to be to some 
extent a specific property. 

The above remarlu are illustrated by the following table, m 
which the coefficients of solubility of some typical gases in water 
and in alcohol arc given : — 


Qu. 

W«ter 

Alcohol. 


■"S 


Hrdrpcfn sulphide , , 

Carbon dioxide • . 

tS 

1 & 


Oxyjjrn . • . 

0-04 

aaS 

Hjxirogm . • . 

o<a 

0-07 


* AltenuUTcl/ : tbe ntio of ibe conccatratioo ia liquid ood ia gu tpxee. 
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manometer, is greater than the pressure in the outer vessel, 
and it is an experimental fact that the excess pressure inside is 
approximately equal to the partial pressure of the nitrogen. 

If, on the other hand, ve start with a mixture of hydrogen and 
nitrogen, and wish to find the partial pressure of the latter, all 
that is necessary is to put the mixture inside a palladium bulb, 
keep the latter at a constant high temperature and pass a current 
of hydrogen at known pressure through the outer vessel till equi- 
librium is attained, as shown on the manometer. The difference 
between the external and internal pressure is then the partial 
pressure of the nitrogen. This very instructive experiment w'ill 
be referred to later in connection with the modern theory of 
solutions {p. 109). 

Solubility 0! Gases in Liquids — In contrast to the complete 
miscibility of gases, liquids arc only capable of dissolving gases 
to a limited extent. When a liquid will not take up any more 
of a gas at constant temperature it is said to be saturated 
with the gas, and the resulting solution is termed a. saturated 
solution. The amount of a gas taken up by a definite volume 
of liquid depends on {a) the pressure of the gas, {b) the tem- 
perature, (c) the nature of the gas, (rf) the nature of the liquid, 

Tlie greater the pressure of a gas, the greater is the quantity 
of it taken up by tlie solvent. For gases which arc not very 
. soluble, and do not enter into chemical combination w’ith the 
solvent, the relation between pressure and solubility is expressed 
by Henry's law as follows : The quantity of gas taken up by a 
given volume of solvent is proportional to the pressure of the gas. 
Another way of stating Henry’s law is that the volume of a gas 
taken up by a given volume of solvent is independent of the 
pressure. This is clearly equivalent to the first statement, be- 
cause when the pressure is doubled the quantity of gas absorbed 
is doubled, but since its volume, by Boyle’s law, is halved, the 
original and final volumes dissolved arc equal. 

Ihe question may be regarded from a slightly different point 
of view, which is instructive in connection with later work. 
When a definite volume of liquid is saturated with a gas at a 
certain pressure, there is an equilibrium between the dissolved 
prs and that over the liquid, and Hcnr>’’s law may be expressed 
in the alternative form ; The concentration of the dissolved gas is 
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f-roperthr.al to iJraJ in the frte tpace above the Unuid. We may 
considcf that the gas distributes itscU beti^-ecn the solvent 
and the free space in a ratio which is independent of the 
pressure. _ , 

For purposes of compatisop, the solvent power of a liquid lot 
a gas is best expressed in terms of the " coefficient of solubility," 
which is the volume of the gas taken up by unit volume of the 
liquid at a dehnite temperatute.r The so-called " absorption 
coefficient ” of Bunten, in which solubility measurements are 
still often expressed, is the volume of a gas, reduced to o" and 
76 cm. pressure, which is taken up by unit volume of a liquid 
at a definite temperature under a gas pressure equal to 76 cm. 
of mercury. The solubility of gases in liquids diminishes fairly 
rapidly wnth rise of temperature. 

With regard to the influence of the nature of the gas on the 
solubility, it may be said m genera! that gases which have 
distinct basic or acidic properties, for example, ammonia and 
hydrogen chlonde, arc very soluble, whilst neutral gases, such as 
hydrogen, oxj-gen, and nitrogen, are comparatively insoluble. 
Further, gases which are easily liquefied, for example, sulphur 
dioude and hydrogen sulphide, are fairly soluble. 

As regards the relation between solvent power and the nature 
cl the liquid, very little is known. In general, the order of 
the solufniity of gases in different liquids is the same, and 
the solvent power of a liquid therefore appears to be to some 
extent a specific property. 

The above remarks ate ittusiraied by the following table, in 
^hich the coefficients of solubility of some typical gases in water 
and in alcohol arc gis’en t — 


c*>. ' 

NNirer ' 

1 aiubol. 

Ammonia . . , 

Kydiofjen tuipWde . . 

CatUjft dioajJe , , 

H^fogen ; ; ; 

T 

iS 

0-04 

002 

18 

' 

1 o-aS 

1 cro; 


• AfimutiTeJ/; Ci< f*tio of tbe eoncenUatioa in liquid «>d lo space. 
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It may be mentioned that tlic solubility of gases in water is 
greatly diminished by the addition of salts, and to a much 
smaller extent by non-elcctroIytcs. The interpretation of these 
results has given rise to considerable dilTcrcncc of oi)inion. 

Solubility of Liquids in Liquids— As regards the mutual 
solubility of liquids, three cases may be distinguished : (l) 
The liquids mix in all proportions, e.g., alcohol and water ; 
(3) the liquids arc practically immiscible, e.g., benzene and 
water ; (3) the liquids arc partially miscible, c.g., ether and 
water, 

(1) and (2) Complete iMiscibility and Noii-miscihilily — Very 
little is known as to the factors which determine the mis- 
cibility or non-miscibility of liquids. The separation of the 
components by fractional distillation is discussed in succeeding 
sections. 

{3) Partial Miscibility — If ether, in gradually increasing 
amounts, is added to water in a separating funnel, and the 
mixture welt shaken after each addition, it will be noticed that 
at first a homogeneous solution is formed, but when sufficient 
ether has been added, a separation into two layers lakes place 
on standing. The upper layer is a saturated solution of water 
in ether, the lower layer a saturated solution of ether in water. 
As long as the relative quantities of ether and water arc such 
that a separation into two layers takes place on standing, the 
composition of these layers is independent of the relative amounts 
of the eomponents present, since the composition is determined 
by the solubility of ether in water and of water in ether at the 
temperature of experiment. Further, the saturated vapours 
sent out by the two layers have the same pressure and the 
same composition — this follows from the fact that they arc in 
equilibrium with the two layers which arc in equilibrium with 
each other. 

In the majority of c.ascs, the solubility of two partially 
miscible liquids increases with the temperature, and it may 
therefore be anticipated that liquids which in certain propor- 
tions form two laycoj at the ordinary temperature may be com- 
pletely miscible at higher temperaluves. Several such eases 
are known, for example, phenol and water, which has been 
investigated by Alexiceff. At room tcmper.xlurc a saturated 
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lolution of pficnol in vrjter contains about 8 per cent, of the 
former component. When more phenol is added two bjers 
arc formed and the temperature has to be raised in order to 
secure complete miscibility. For further additions of phenol 
up to 36 per cent, the temperature at s^lilch complete miscibility 
occurs rises progressively to 63‘4*. In this way the solubility* 
temperature cur%‘e of phenol in water is obtained. Similarly, 
a saturated solution of «i*ater in phenol at 20* contains 28 per 
cent, of the former component and on further additions of 
water tlie temperature of complete miscibility rises progres- 
sively to 63-4*, at which point the two solubility-temperature 



curves meet. These results are represented graphically m 
>3. the composition of the mixture being measured on the 
horitontal axis and temperatures along the vertical axis The 
point D represents o per cent, phenol (too per cent water), 
E represents too per cent, phenol. At all points outside the 
cur\’e ABC there is complete miscibility, at points inside the 
curve two layers exist. The maximum represents the tem- 
perature, 63-4*, above which phenol and water are miscible 
in alt proportions. If, therefore, we start with a homogeneous 
solution of phenol in water of the composition represented 
by the point, x, and gradually add phenol at constant tem- 
perature, the composition of the solution will alter along the 
dotted tine xx* until the curve AB is reached at s This point 
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represents a saturated solution of phenol in water, and on 
further addition of )>henol a separation into two layers takes 
place, Uic compositions of which arc represented by the points 
s and c' respectively. As more phenol is added, the com- 
position of the layers remains unaltered, but the relative 
amount of the second layer incrca.sc.s until nl the point 2' only 
this Layer is present, and its composition then alters alonf; s.v'. 
If, however, phenol is added to the same solution at the tem- 
perature corresponding with the point y the composition alters 
along yy' but no sc])aration into two layers takes place. It is 
evident tlmt there is a striking analog^' between the miscibility 
of two liquids and the critical phenomena represented in Fig. 7. 
In both eases there is only one phase outside the curves AOE 
and ABC respectively, and two phases at points itiside the 
curves. Further, above a certain temperature only one phase 
can e.xist in each ease, and the temperature of complete mis- 
cibility for binary mixtures may therefore be termed the critical 
solution temperature. Moreover, just as we can pass without 
discontinuity from a gas to a liquid (p. 63), we can pass from 
a solution containing excess of water to one containing excess 
of phenol without discontinuity. Starting with a mixture re- 
presented by the point .r, the temperature is raised above the 
critic.al solution temperature along xy, phenol is then added 
till the point y' is rc.ached and the homogeneous mixture then 
cooled along y'.r. 

In some cases, however, the solubility of one liquid in another 
diminishes with rise of temperature, thus if a saturated solution 
of ether in water, prepared at the ordinary temperature, is gently 
warmed, it becomes turbid, indicating partial separation of tlic 
ether. An interesting example of this behaviour is seen in 
nicotine and water, which arc miscible in all proportions at the 
ordinary tcnijicralurc, but separate into two layers wlicn the 
temperature reaches Gq°. If a temperature can be reached 
beyond which the mutual solubility again begins to increase 
with rise of temperature, the components may again become 
miscible in all proportions. This has been experimentally real- 
ized so far only for nicotine and water, which again become 
completely miscible when the tcn>peralurc exceeds 2 to”. Tltc 
remarkable solubility relations Of these two liquids arc therefore 
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represented by a closed curve (Fig. 14), wliich will be readily 
understood by comparison with Fig. 13. 

Distillation oI Homogeneons Murtorcs— A ver>' important 
matter «ith reference to binary homogeneous mixtures is the 
possibility of separating them more or less completely into 
their components by distillation. Much light is thrown on this 
question by the investigation of the s'apour pressure of the mi.x* 
ture as a function of its composition at constant temperature. 
Fjcperimcntal investigation shows that the curve representing the 
relation between vapour pressure and composition at constant 



temperature usually belongs to one of the three mam types, a, 
h, and c represented in Fig. 15, in which the abscissa: represent 
the composition 0/ the mixture and the ordmates the corre* 
spending vapour pressures. 

(a) The vapour-pressure curve of the mixture may have a 
minimum, as represented by the point U in the curve RUS; 
example, hydrochloric acid and water. (In the diagram the 
ordinate PR represents the vapour pressure of B, and QS that of 
the other pure substance A. 

(i) The vapour-pressure curve may show a maximum repre- 
sented by the point T on the curae RTS; example, prcpjd 
alcohol and water. . . -- - 
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(c) The vapour pressure of the binary mixture may He 
between those of (he pure components A and B, as repre- 
sented by tlic c\irvc RWSj example, methyl alcohol and 
Nvatcr. 

In considering those tlirec typical cases witii regard to tlicir 
bcarin,g on the separation of two liquids by fractional distilla- 
tion, the important question is the relation between the com- 
position of the boiling liquid and that of the escaping vapour. 
For a pttre liquid, the composition of the escaping vapour is 
necessarily the same as that of the liquid, but this is not in 
general the case for a mixture of liquids, and therefore the 
composition of the mixture may alter continuously during dis- 
tillation. 

Cast {a). Since a liquid boils when its vapour pressure is 
cqvral to the external pressure, it is clear that if a mixture, the 
vapour-pressure curve of which has a minimum (as in the curve 
RUS), be boiled, the composition of the liquid will niter in 
such a way that it tends to approximate to that represented by 
the point U, since all other mixtures have a higher v.apour 
pressure, and will consequently pass off first. When finally 
only the mixture U remains, it will distil at constant tempera- 
ture like a homogeneous liquid, since the composition of the 
vapour is then the same .as tliat of the liquid. The best- 
known example of sncii a constant-boiling liquid is a mixture of 
hydrochloric acid and water, which boils at tio°. If a mixture 
containing the components in any other proportion be healed, 
either hydrochloric acid or svalcr will pass off, and the com- 
position of the liquid will move along the curve to the point 
of minimum vapour pressure, beyond which it distils as a whole, 
without further cliangc of composition. 

Case (b). When, on tlic oilier hand, there is a ni.aximum in 
the vapour-pressure curve, the mixture which has the highest 
vapour tension will p.ass over first, and the composition of the 
residue in the retort will tend towards the component which 
w.ns present in excess in the initial mixture. In the ease of 
propyl alcohol and water, for cxamjitc, the mixture which has 
the highest vapour tension contains from 70 to 80 per cent, 
nicolioi (die maximum being verj- flat) ; a mixture of this com 
position would boil at constant temperature, whilst for one con- 
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tajning more water, some of the Utter would finally remain In 
the retort. 

Case (f). In this case the composition of the wpour, and 
therefore the composition of the liquid remaining, alter contlnu* 
ously on distillation. The vapour, and therefore the distillate, 
will contain the more volatile liquid. A, in greater proportion, and 
the residue excess of the less volatile liquid, a partial separation 
being thus effected. If the distillate rich in A Is again distilled 
a mixture still richer In A is at first given olT, and the process 
may be repealed again and again. Tlie more or less complete 
separation of liquids by this method is termed fractional dis- 
tillation. 

It was long thought that constant-boiling mixtures were 
definite chemical compounds of the tsvo components — for 
example, HCI, SIljO In the case of hydrochloric acid and 
water, but this view was shonn by Roscoe to be untenable, 
lie found that the composition of the mixtures does not corre* 
ipond skith simple molecular proportions of the components, 
and, further, that the composition alters continuously «ilh 
alteration of the pressure under «hieh the distillation is con* 
ducted, which is not likely to be the case if definite chemical 
compounds arc present 

Disiimtion o! Kon*UisdbIe or Parfially Uisdblo Liquids. 
Steam Distillation— If two immiscible liquids arc distilled from 
The same vessel, since one does not affect the vapour pressure 
of the other, they will pass over in the ratio of the vapour 
pressures till one of them is used up. The temperature at which 
the mixture bolls is that at which the rum of the vapour pressures 
is equal to the supenneumbent pressure The cur\’e represent- 
ing the relation between v.ipour pressure and composition of 
the mixture is therefore a straight line (UU', Fig l6) parallel 
to the axis of composition, PU representing the sum of the 
vapour pressures RP and QT, of the two components at the 
temperature in question. 

Tlicse considerations are very important in connection with 
steam distillation. This process is usually employed for the 
5ep.iratic»n of substances with a high boiling-point, such as 
aniline, and will be Limiliar to the student. The relative 
tvlurr.es of steam and the vapour of the liquid which 
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are in tlie ratio of tlic vairotir pressures, />i and al tlic Icm 
jieraturc of the cxj)crimcnt, and tlic relative uriphts whicii pas 
over arc tlicrcforo in the ratio : /'jrfj, in wliicli rfj and rfj an 
tlic densities of steam and of the other vapour respectively, 
Assuininp, that the system aniline-water boils at 9 S“i at which 
temperature the vapour pressure of water is 707 mm. (/>i), the 
partial pressure of the aniline (p,) will be 760 — 707 53 mm., 

ami the weights of aniline and water wliich pass over arc in 
the ratio 53x93:707x18 or 4929:12,726. This shows 
that under ideal conditions the ratio of water to aniline in the 



listillatc is approximately 2-5:1, the comparatively small vapour 
iressure of aniline bcinp partially compensated for by its rcla- 
ivciy hiph molecular weipht. 

Finally, we consider the distillation from the same vessel 
f partially miscible liquids, ’llie relation between vapour 
ressure and composition of the mixture in this ease in repre- 
lilted by the curve RSSl {hip. 16), Rl' represent inp the vajiour 
■cssme of the pure component A, and QT that of the other 
mponenl It. In peneral, the vapour pressure of one liquid 
lowered by the addition of another, It follows that the 
pour pressure of partially miscible liquids, as loop ns two 
cm arc prc>:ont, will be represented by a straipht line parallel 
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to the axis of composition, but tra-cr than the line UU' repre* 
seating the sum of the separate vapour pressures. The pressures 
^hen only one phase is present arc presented by RS and ST 
respectively. 

In the above type of prcssure-conccntration curve, the one 
generally met with In the case of partially miscible liquids, the 
vapour-pressure curve of the mixture si-ith tsko liquid phases 
is greater than that of either compound alone. Another form 
of curve, represented by R'S'S'T (Fig tC) is illustrated by the 
system sulphur dioxide-water On adding sulphur dioxide to 
v.*ater there is an increase m the total vapour pressure, but 
on adding water to liquid sulphur dioxide the total vapour 
pressure is diminished 

Eolation ot Solids in Liqaids— In this case the solubility is 
alvk’ays limited, and depends on the nature of the solvent and 
solute and on the temperature As m the other cases of solu- 
bility we are dealing really with an equilibrium, m this case 
between the diss<ihc<l s»It and llic solid 
Two principal method* arc cmplosccl for determining the 
solubility of soliiL m hquiiU (i| l.xiev> of the finely divided 
tolul IS s1i.iken continiioosK with a <lctinite quatiiity of the 
solvent at a definite temper ♦tutt till e^}<llllll^llm is attained; 
(2) the solvent is hc.»tfd with cxee** of the <oliite to a tem- 
perature higher than that at whivh the solubility is to be 
determined, and then tooled to the desired temperature in 
contact wuth the solid The sctomf method is to be recom- 
mended when sufTicient time is allowed for the attainment of 
equilibrium at the temperature of experiment, but with suitable 
precautions the methods give identical results 

h IS of interest to note that the solubility depends somewhat 
upon the state of division of the solids , the more finely divided 
the solid the greater is the solubility For fairly soluble salts 
the difference is negligible, but for slightly soluble salts it may 
be relatively ver>’ considerable Thus Ostwald has shown that 
the solubility tn water of yellow oxide of mcrcur>' is about 14 
per cent, greater than that of the coarser-grained red modifi- 
cation. 

Tlic results of solubility measurements may be expressed in ^ 
various ways, for example, as the number of gramsjjf •''fu» ^ 
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in 100 grams of the solvent, in lOO grams of the solution, or 
in 100 c.c. of the solution. 

When a solution saturated at a high temperature is allowed 
to cool in the complete absence of the solid solute, the excess 
of dissolved substance may not separate {cf. p. 64), and the 
solution is then said to be snptrsalmalti. 

Effect of Change of Temperature on the Solubility of Solids 
in Liquids — ^Thc variation of the solubility in water of certain 



salts with change of temperature is shown in Fig. 17, the 
solubilities being represented as ordinates and the temperatures 
as abscissa:. The curves arc not drawn to scale, but represent 
diagrammatically the effect of change of temperature. 

1 he solubility of most solids in water increases fairly rapidly 
with the temperature, c.g., potassium nitrate ; but sodium 
chloride is only slightly more soluble in hot than in cold water. 
Calcium hydroxide and certain other calcium salts arc less 
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in 100 grams o{ the solvent, in lOO grams of the solution, or 
in 100 c.c. of the solution. 

When a solution saturated at a high temperature is allov;cd 
to cool in the complete absence of the solid solute, the excess 
of dissolved substance may not separate {cf. p. 64), and the 
solution is then said to be siipersaluraled. 

Effect oi Change of Temperature on the Solahility of Solids 
in Liquids — ^Tlic variation of the solubility in v.’ater of certain 



salts vrilh change of temperature is shown in Fig. 17, l!ie 
solubilities being represented as ordinates and tlic temperatures 
as abscissa:. The curves arc not drawn to scale, but represent 
diagranimatically the effect of change of temperature. 

1 he solubility of most solids in water increases fairly rapidly 
with the temperature, e.g., potassium nitrate; but sodium 
chloride is only slightly more soluble in hot than in cold water. 
Calcium hydroxide and certain other calcium salts are less 
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*o!ubIe in hot than in cold water; a aolution of calcium 
hydroxide (lime water) taturated at the ordinary temperature, 
becomes turbid on warming. In the case of calcium sulphate, 
the solubility increases at first with rise of temperature and then 
diminishes, so that there is a maximum in the solubility curve 
as shown in the figure. 

Solubility cutA’CS are usually continuous, but that representing 
the solubility of sodium sulphate shou-s a distinct change of 
direction at 33", This is oaing to the fact that we are dealing 
with the solubility curves of two distinct substances. Below 
33*, the dissolved salt is m equilibrium with the solid deca* 
hydrate Na^SO,, ioH,0, but the latter splits up into the 
anhydrous salt and water at 33*. so that the solubility curve 
at higher temperatures is that of the anhydrous salt. That 
this explanation of the phenomenon is correct is shown by the 
fact that the solubility of the anhydrous salt can be determined 
for a few degrees below 33* m the complete absence of crystals 
of the decahydrate ; the part of the curve thus obtained, repre* 
tented by the dotted line, is continuous with the righbhand 
curve. 

It is important to remember that the change ta vhtch the 
hnak in the solubtitly eurve of sodium sulphate iS due takes 
place in the solid phase and not in the solution. No well-defined 
case is known of a sharp break in a curve representing the 
variation of a physical property in a homogeneous system with 
temperature or composition. 

Relation between Eolobility and Chemical Constitution— 
Very little is known as to causes influencing the mutual solu- 
bility of substances and its variation with temperature. In 
general, it may be said that substances of similar chemical corn- 
position are mutu.-illy soluble, thus the paraffins arc miscible 
with each other in all proportions, and organic compounds 
containing the hydroxyl group are all fairly soluble in water. 
In these cases it does not seem probable that the solubility 
s connected with anything in the nature of ordinary chemical 
combination. Phenomena of an apparently diflereni nature are 
met with in the solubility of gases in liquids, already referred 
lo {p- 95). where it was pointed out that the solvent power is 
in general a specific property of the solute, and to some extent 
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Practical IDastraUons. («) Parftal Miseibiliiy—Tht fact that 
certain liquids, such as phenol and water, are only partially 
miscible at ordinary temperatures, but completely miscible 
above 69*, may be illustrated as follows : 5-6 grams of crj'stals 
of phenol are placed in a small separating funnel, and on adding 
a little n'ater and shaking it will be found that a clear solution 
is formed, mainly due to the effect of water in lowering the 
freezing-point of phenol. On further addition of water two 
layers will be formed, which only disappear when a large excess 
of water has been added. If, on the other hand, phenol is 
warmed to 75* in a test tube, and water at the same tempera- 
ture is gradually added, no separation into two layers will 
occur, corresponding with the fact that the critical solution 
temperature has been exceeded. 

(fc) Sefuit'hiy and Temperature — The solubility in water of a 
salt such as sodium chloride may conveniently be determined 
as follows. A large test tube is parti-ally filled with distilled 
water and excess of powdered sodium chloride, and partially 
immersed in a bath kept at constant temperature The tube is 
closed by means of .a rubber cork through which passes a glass 
stirrer, driven by means of a motor At intervals samples of 
the solution are removed by means of a pipette, a weighed 
portion of the solution ea'aporated to dr>’ness, and the residue 
weighed. When the concentration of the solution no longer 
alters, it is saturated. Observations should be made at differ- 
ent temperatures at intervals of 10* and the results plotted on 
squared paper, the temperatures being plotted as abscissae, and 
the solubility expressed as grams of the salt in too grams of 
solvent, as ordinates (Fig. 17) 

(f) SupersaiuraStd Seluticns — A supersaturated solution of 
sodium sulphate may be prepared by healing the $.alt with half 
its w'cight of w-ater in a flask till a perfectly dear solution is 
obtained; the flask is then plugged with cotton wool and set 
aside to cool If a small cr)*stal of the sulphate is added to 
the cold solution, cry'stallization at once starts, but cr>*stals 
not isomorphous with sodium sulphate (r.g, sodium chlonde 
ciystals) are not efficient m starting crystalhzation. 
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independent of the nature of the gas. The solubility of in- 
different gases appears in the first instance to depend upon the 
relative case with which they can be liquefied. 

Solid Solutions^ — In general, when the temperature of a 
dilute solution is lowered until partial solidification takes place, 
the solvent separates in the solid form, practically uncontamin- 
ated with the solute. When, however, a solution of iodine in 
benzene is partially frozen, crystals containing both substances 
separate, and when solutions of varying concentration are used, 
there is a constant ratio between the iodine remaining in solution 
and that in the solidified benzene. This is illustrated in the 
accompanying table ; in the top line is given the concentration 
Cj of the iodine in the liquid benzene, in the second line the 
iodine concentration Cj in the solid benzene, and in the third 
line the ratio of the concentrations in solid and liquid, which is 
approximately constant ; — 

Cl 3'39 2*587 0*945 per cent. 

Cj 1*279 0-925 0*317 „ 

Cj/Ci 0*377 0*358 0*336 

This phenomenon exactly corresponds with Henry's law regard- 
ing the solubility of gases in liquids (p. 94), and as the crystals 
containing the two substances arc quite homogeneous, they may 
he regarded as a solid sohUion of iodine in benzene. Similar 
phenomena have been observed for many other pairs of sub- 
stances, more particularly for certain metals (p. 201). 

Besides crystalline solid solutions, of which an example has 
just been given, non-crystallinc or amorphous solid solutions 
arc known. The hydrogen absorbed by palladium appears to 
be in solid solution in the metal, but the phenomenon is com- 
plicated, and is not yet thoroughly understood. Van’t Hoff 
suggests that two solid solutions arc present, hydrogen dissolved 
in palladium and palladium dissolved in solid hydrogen, corre- 
sponding with the two liquid layers formed by phenol and 
water. 

There is evidence that in some cases the dissolved substances 
can diffuse slowly through the solid solvent, which indicates that 
the solute exerts osmotic pressure (p. 108). 

‘ Compare Bruni, Festt LosuK/r/n ur.d Iirr.crtkisrr.us. Leinjin-. looS. 
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Practical Hlastrations. (a) Partial A/wnti/iVy— The fact that 
:crtain liquids, such as phenol and water, arc only partially 
miscible at ordinary temperatures, but completely miscible 
above eg", may be illustrated as follows : 5*6 grams of crystals 
of phenol are placed in a small separating funnel, and on adding 
a httlc water and shaking it will be found that a clear solution 
is formed, mainly due to the effect of water in lowering the 
freezing-point of phenol. On further addition of water two 
layers will be formed, which only disappear when a large excess 
of water has been added If, on the other hand, phenol is 
warmed to 75® in a test tube, and water at the same tempera* 
lure is gradually added, no separation into two layers will 
occur, corresponding with the fact that the critical solution 
temperature has been exceeded. 

(t) 5 efui«/ily and Tfmperature-^Tht solubility in water of a 
salt such as sodium chloride may conveniently be determined 
as follows. A Urge test tube is partially hlled with distilled 
water and excess of powdered sodium chloride, and partially 
immersed in a bath kept at constant temperature. The tube is 
closed by means of a rubber cork through which passes a glass 
stirrer, driven by means of a motor At intervals samples of 
the solution are removed by means of a pipette, a weighed 
portion of the solution evaporated to dryness, and the residue 
weighed. When the concentration of the solution no longer 
alters, it is saturated Observations should be made at differ- 
ent temperatures at intervals of to* and the results plotted on 
squared paper, the temperatures being plotted as abscisste, and 
the solubility expressed as grams of the salt in 100 grams of 
solvent, as ordinates (Fig. 17). 

(f) Supersaiuraiid Solutions — supersaturated solution of 
sodium sulphate may be prepared by heating the salt with half 
Its weight of water in a flask till a perfectly clear solution is 
obtained ; the flask is then plugged with cotton wool and set 
aside to cool. If a small crystal of the sulphate is added to 
the cold solution, crystallization at once starts, but crystals 
not Uomorphous with sodium sulphate {e.g., sodium chloride 
crystals) are not efficient in starting crystallization. 
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DILUTE SOLUTIONS 

Gcnctal — ^So hr, wc have dealt in a general way with the 
properties of solutions, mainly on the lines of the older methods 
of investigation, as they were practised up to about forty 
years ago. In 1885, however, a new turn was given to the 
subject by the enunciation of the modern theory of solution 
by van't Hoff. Many of the experimental facts on which this 
theory is based had previously bden established by the work of 
Ostwald, Raoult, and others, and these results were correlated, 
and many fresh avenues opened for investigation, by van't I loft’s 
theory, the most important point in which is the conception of 
osmotic pressure, which will now be considered. 

It has already been shown that the laws applicable to gases 
arc very simple and that these laws arc most strictly followed in 
the rarefied condition ; on the molecular theory this is accounted 
for by .assuming that the particles arc then so far apart as to 
exert iittic or no mutual influence, and that the space filled by 
the material of the particles is negligible in comparison with 
the space occupied. Similarly, we may reasonably anticipate 
tlial the laws expressing the behaviour of dissolved substances 
will be most simple in dilute solution, in other words, when 
one of the components (the solvent) is prc.scni in large propor- 
tion compared with the other (the solute), and this is quite 
borne out by the facts. 

Osmotic Pressure. Semi-permeable Membranes— When a few 
drops of bromine arc carefully placed by means of a pipette 
at the bottom of a jar full of hydrogen or air, and the jar is 
covered and allowed to stand, it will be found after some time 
that the hc.avy bromine vapour has distributed itself uniformly 
throughout the confined space against the force of gr.avity. 
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We say the btomine vapour exerts a pressure in virtue 
of ^hich it diflusM into those parts of the confined space where 
the pressure is less, and equilibrium is only attained when the 
pressure is equal throughout. In an exactly similar way, if a 
sugar solution is carefully covered with a layer of water, the 
dissolved sugar exerts a pressure with the result that it ulti- 
mately becomes uniformly distributed in the solution. This 
pressure cannot be determined directly, since the external 
pressure is the surn of this and the pressure of the liquid, but 
the principle of the method used for measuring it will be under- 
stood from its analogy with the method already described for 
measuring the partial pressure of a gas in a mixture (p. 93). 
In the latter case, it will always be possible to determine the 
partial pressure of a gas. A, mixed with another gas, B, when a 
membrane is known which allows B, but not A, to pass through. 
Such a membrane is said to be semi-permeable, and for a 
fnixture’'of nitrogen and hydrogen heated palladium answers 
the purpose, ft is clear that, if we could find a membrane 
which alloy's water, but not dissolved sugar, to pass through, 
the pressure exerted by the latter in solution, its so-called 
tmelic prtisure, could be measured. 

Such membranes were discovered by Traube, in the course 
of his experiments on so-called artificial vegetable cells. The 
most suitable membrane for the purpose was found to be copper 
ferroeyanide, and the formation of this membrane and its im- 


permeabifity for certain dissolved salts may be illustrated as 
follows. A glass tube, provided with a rubber tube and chp 
at one end and open at the other, is partly filled by suction 
with an aqueous solution of copper acetate (about 2-S per cent ) 
and ammonium sulphate (05 per cent), and the open end, 
in which the *urfacc of the liquid has been made parallel by 
adjustment, is then dipped carefully into a 2-4 per cent aqueous 
solution of potassium ferrotyanide, containing 3 httle barium 
chloride, and the tube supported in that position. A thin 
membrane of copper ferroeyanide forms across the lower end of 
the tu^, and if the experiment has been carefully performed, 
U wall be lound that even after standing some hours there is 
no while preapiiatc {of barium sulphate) in the lower solu- 
Uon, showing that the membrane is impervious to ammonium 
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sulphate. Traube tried many other membranes, but none 
proved so efficient as copper ferrocyanidc. 

Measurement oi Osmotic Pressure— The semi-permeable mem- 
branes prepared by Traube were much too weak to withstand 
fairly large pressures, and their use for actual measurements 
was only rendered possible by Pfcficr's idea of depositing them 
in the walls of a porous pot, A‘'{Fig.' l8), such as arc used for 
experiments on gas diffusion. The pot is 
first carefully washed, soaked in water for 
some time, then nearly filled with a solu- 
tion of copper sulphate (2-5 grams per 
litre), dipped nearly to the neck in a solu- 
tion of potassium ferrocyanidc (2-1 grams 
per litre) and allowed to stand for some 
iiours. The salts diffuse through the walls 
of the pot and at their junction form a 
membrane of copper ferrocyanidc, which, 
since it is impermeable for the salts from 
which it is formed, remains quite thin 
but is capable of withstanding fairly large 
pressures, owing to its being supported 
by the walls. The cell is then taken out, 
washed, filled with a strong solution of 
sugar, and closed with a well-fitting 
rubber cork through which an open glass 
tube, B, passes. To ensure the tightness 
of the apparatus, it is of advantage, 
before forming the membrane, to dip 
the upper part of the pot, to the depth 
of about two inches, into melted paraffin, and after the pot is 
filled and the cork and tube placed in position, the upper surface 
should be covered with melted paraffin. When a cell thus pre- 
pared is placed in water, the water passes in, the pressure inside 
slowly increases (as shown by the rise in level of the solution 
in the tube), and finally reaches a point at which, when the cell 
has been properly prepared, it remains constant for days. 
1 he maximum pressure thus attained, in other words, the excess 
of pressure ivhich must prctiail inside the cell in order to prevent 
more water flowins; in through the semi-permeable membrane, is 
termed the osmotic pressure of the solution. 
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In acciinie measurements, it Is preferable to close the cell 
with a cork carr>'ing a closed manometer, containing a definite 
volume of air confined over mercyry. Dilu tion of the solution 
by the cnir\- o f a Iar£e_voIyfne of w'atCM's thus avoided. Tin’s 
arrangement was used by Pfeffer in his original experiments. 

The osmotic pressures measured in this way are very con* 
siderable — thus a I per cent, solution of cane sug.ir exerts a 
pressure of more than half an atmosphere, and a I per cent, 
pot.issium nitrate solution over two atmospheres. 

Tlie question as to the relation between osmotic pressure and 
c oncentfati on of the solution was in%'cstig.ttcd by I’feffcr, and 
the results obtained for aqueous solutions of sugar and of 
potassium nitrate at room temperature are given in the ac- 
COmpan^hg'fable, In which C represents the concentration of 
thrsoblllon (in grams per too c.c. of solution) and P the osmotic 
■pfessGre (in cm. of mercury). 
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It is clear from these results that the rjiio I’, C is approximately 
constant for any one solution, m other words, the osmotic pres- 
sure of a solution is proportional to its concentr.>iion It will 
be observed that the ratio is somew hat less fur potassium nitrate 
at the higher pressures, a result due m part to the slight per- 
meability of the membrane for the salt under these conditions. 

It was also shown by I'feficr that the osmotic prcssurejit 
constant concentration increases with the tempenturej some 
of~tHc~ results obtained in this connection are quoted on the 
next page. 

Tlie magnitude of the osmotic pressure observed with different 
membranes was not quite the same, but this most be ascribed 
to the imperfection of most of the membranes, as it can be 
shown theoretically that the numerical value of the osmotic 
pressure is independent of the nature of the membrane, pro- 
%-ided the latter is perfectly semi-permeable. 
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Van’t HoG’s Theory oi Solutions— Pfcfler’s investigations 
were undertaken for botanical purposes, and their great general 
importance was only recognized in 1885 by van’t Hoff, who 
used them as the experimental basis of a new theory of solution. 
Wc have already seen that osmotic pressure may be regarded 
as in some respects analogous to gas pressure, and as the former 
can be measured as described in the previous section wc are 
no7z in a position, following van’t Hoff, to investigate the 
relationship between osmotic pressure, volume and temperature 
as has already been done for gases. 

As regards the relation bctv.'ccn osmotic pressure and volume 
at constant temperature, we have seen in the previous section 
that P/C is constant for any one substance, and as the concen- 
tration is inversely as the volume in which a definite weight of 
substance is dissolved, we obtain, by substituting i/V for C, 
the equation PV = constant, the exact analogue for solutions 
of Boyle's law for gases. 

With reference to the relation between osmotic pressure and 
temperature at constant concentration, van’t Hoff showed from 
Pfeffer's observations that the osinoiic pressure, P, like the gas 
pressure, is proportional to the absolute temperature, T. Some 
of the observations on which this conclusion is based are given 
in the accompanying table ; — 


Cane Sugar. 

/ T P 

14.2° 287-2 51-0 

32-0” 305-0 5 - 4-4 ( 54 - 6 ) 


Sodium Tartrate. 

( T P 

13-3° 285-3“ po-S 

37-0° 310-0“ 9.8-3 {98-2) 


The observed values are given in the third column, with the 
calculated values in brackets ; the agreement is within the limits 
of c.xpcrimental error. 

From these two equations, PV = const, and P cc T, we can 
derive an equation for dilute solutions corresponding to that 
already obtained for gases (p, 33), 


PV = rT, 

in which P represents the osmotic pressure of a solution con- 
taining a definite weight of a solute in the volume, V, of solution, 
and r is a constant. 
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It fcmalnj to calculate the numerical value ol r for a dcfmitc 
amount, say a mol of a <liisotvrd substance, as lias already been 
done for gases. Tliis can readily be done from Pfc/Ier’s obsen’a- 
tion that a t per cent, solution of cane sugar at O* exerts an 
osmotic pressure of 49*3 cm. of mercury. The molecubr 
weight of cane sugar is 343, the volume in which it is contained 
34,200 cc, the pressure is 49*3 X 13*59 cram/cm *, and the 
absolute temprrature 3/3*. Hence 

, „ 19-3 X -S JO X jj,200 _ 

a value which almost exactly corresponds with that obtained 
for gases. As the same \'alue for r is obtained for a mol of 
other organic compounds, such as urea and glucose, we will 
represent it by R, to indicate that it is a factor of general im> 
portance. NVeJuve thus obtained two re«uli3_of the gf eatwt, 
imporlafic^^ (l) the equation PV =» RT is valid for^Iutc aoIu7 
tions ; (2J tlie numfrua! value of R Is the same for dissolved 
iliSni'nccs as for gases TIic latter statement implies, as is 
clear from (he general equation, (hat the osmotic pressure of a 
definite quantity of c.ane sugar or other substance in solution is 
equal to the gas pressure which it would exert if it occupied the 
same s'olume In the gaseous form. We may therefore say witl^ 
van’t Hoff that “ tke ostnouc pressure exerted anv suisUnce 
in solution is the same as tl troulJ exert if present as gas tn the 
same volume as that oecupiei by the solution, provided that the 
solution is so dilute that (he ivfuwe occupied by the solute is 
negligible tn comparison irith that occupied by the solvent." 
This statement holds for all temperatures, as is at once clear 
from the fact that the solution obc}*s the gas laws Certain 
important exceptions to the above rule, more particularly in 
the case of solutions sihich conduct the clccinc current, will be 
discussed in a later chapter. 

Some important consequences of the validity of the general 
equation, PV <= RT, for dissolved Substances will be dealt with 
in det.iil liter. In particular, the molecular weight of a dis- 
solved substance is the quantity in grams which, when dissols'cd 
in 22*4 litres at o*, exerts an Osmotic pressure of 1 atmosphere,' 
a definition almost exactly analogous to that for gases f' "*1. 
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The same fact may be expressed somewhat differently as fol- 
lows : Qmnlilies of different substances in the ratio of their 
molecular Heights, xvhen dissolved in equal volumes of the same 
solvent, exert the same osmotic pressure. 

So far, we have considered only the experimental basis of the 
theory of solution. It has, however, been shown theoretically 
by van't Hoff, by thermodynamical reasoning, that the osmotic 
pressure and gas pressure must have tire same absolute value, 
if the solution is sufficiently dilute, and this conclusion has 
been confirmed by Lord Rayleigh and by Larmor, among 
others. The latter writer puts the matter as follows ; " The 
change of available energy on further dilution, with which 
alone we are concerned in the transformations of dilute solu- 
tions [cf. p. 157), depends only on the further separation of 
the particles . . . and so is a function only of the number 
of dissolved molecules per unit volume and of the temperature, 
and is, per molecule, entirely independent of their constitution 
and that of the medium,” * the assumption being made that the 
particles are so far apart that their mutual influence is negligible. 
" The change of available energy " is thus brought into exact 
correlation with that which occurs in the expansion of a gas. 

Recent Direct Measurements of Osmotic Pressure — It is a 
remarkable fact that, although Pfeffer’s osmotic pressure 
measurements were made as early as 1S77, the degree of accu- 
racy attained by him has not been improved upon until re- 
cently. Accurate measurements are, however, very desirable, 
because although the relation between osmotic pressure and 
concentration can be calculated from the gas laws in dilute 
solution, there is still much uncertainty as to how far the gas 
laws are applicable, or what is the exact relationship between 
osmotic pressure and concentration, in concentrated solutions. 
In particular, it is, or was until quite recently, uncertain whether 
V in the general equation, PV = RT, should represent the 
volume of the solvent or that of the solution. This uncertainty 
has been to some extent removed by the very careful measure- 
ments carried out by Morse and Fra„er* since 1903 by PfefTer’s 

’ Lnrmor, Eneje. Brttar.mta, loth eU., vol. Jncviii., p. 170, 

Chtm. /., 1903, 34 , | ; 1906, 3 S, I, 39; 1907, 37 , 324, 425, 
55S ; 38 . I7S ; looS, 39 , 667 ; 40 , 1. J94 ; 1909. 41 , 1,257 ; 1911, 45 , 554, 
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method^ with slight modifications. Their results show that, i 
V in the general e(|uation be taken as the volume of the 
aqueous solutions of cane sug.ir approximately follow the ga 
laws up to a concentration of 342 grams of the solute in too 
grams of water. A few of their results, illustrating the abov 
statement, are given in the accompanying table; the number 
under ’‘gaseous*’ are calculated on the assumption that Ih 
substance as gas occupies the s.ime volume as the soli'fnl in ih 
solution. 



rioaB el&>Utk<i 

rtr-fsrt 41 < 

nitict Itn-p 


S(oI> r" teu>(r 

m« Sleli m 








frrMKrt. 

' O-JO 

CK>9;94 

2-S9 

2-522 

1-055 

0-20 

0-19192 

4-;s 

5-025 

1-051 

o-.<o 

o-36tS6 

PS6 

996 

i-ojS 

o-fio 


>4 34 

»5-20 

1-060 

ofo 

0-65 128 

19 12 

20-CO 

i-o;? 

l-OO 

0'S2S.t4 

2t 90 

26-12 

1-095 


The table shows that vnK when concentration} are referred t( 
a definite weight (or volume/ of seltfni is there proportionaht) 
between conccntr-ition and osmotic pressure, if they are re 
ferred to a constant %’olume of se!u:ton {column 2) the osmotu 
pressure increases faster than the concentration The numben 
in the fifth column show, howex’er, that the osmotic pressun 
at 20* is on the average about 6 per cent greater than tin 
gas pressure. Curiously enough, the ratio is about the sami 
at all temperatures from o* to 25” 

Another direct method of measuring osmotic pressure b.iset 
on an entirely diflcrcnt principle was used by the Earl of DcrKelc) 
and E G. Hartley Instead of measuring the pressure pro 
duced in a cell by the passage inw.ards of solv ent, they subjectet 
the solution, separated from the solvent by a lemi-pcrmeabh 
membrane, to a pressure which is /ust sufficient to prc%-cnt the 
inflow of solvent This balancing pressure is taken as the 0S‘ 
motic pressure. By this method Berkeley and Hartley mcasurcci 
pressures up to tjo atmospheres 
Other Methods of Delermming Osmotic Pressure— The ditll- 
cullies inherent in the direct determination of osmotic 
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The same fact may be expressed somewhat differently as fol- 
lows: Quantities of different substances in the ratio of their 
nwlccuJar weights, irhen dissolved in equal volumes of the same 
solvent, exert the same osmotic pressure. 

So far, we have considered only the experimental basis of the 
theory of solution. It has, however, been shown theoretically 
by van't Hoff, by thermodynamical reasoning, that the osmotic 
pressure and gas pressure must have the same absolute value, 
if the solution is sufficiently dilute, and this conclusion has 
been confirmed by Lord Rayleigh and by Larmor, among 
others. The latter writer puts the matter as follows : " The 
change of available energy on further dilution, with which 
alone we arc concerned in the transformations of dilute solu- 
tions (c/. p, 157), depends only on the further separation of 
the particles . . . and so is a function only of the number 
of dissolved molecules per unit volume and of the temperature, 
and is, per molecule, entirely independent of their constitution 
and that of the medium," ^ the assumption being made that the 
particles arc so far apart that their mutual influence is negligible. 
" The change of available energy ’’ is thus brought into exact 
correlation with that which occurs in the expansion of a gas. 

Recent Direct Measurements oi Osmotic Pressure — It is a 
remarkable fact that, although Pfeffer’s osmotic pressure 
measurements were made as early as 1877, the degree of accu- 
racy attained by him has not been improved upon until re- 
cently. Accurate measurements are, however, very desirable, 
because although the relation between osmotic pressure and 
concentration can be calculated from the gas laws in dilute 
solution, there is still much uncertainty as to how far the gas 
laws arc applicable, or what is the exact relationship between 
osmotic pressure and concentration, in concentrated solutions. 
In particular, it is, or was until quite recently, uncertain whether 
V in the general equation, PV = RT, should' represent the 
volume of the solvent or that of the solution. This uncertainty 
has been to some extent removed by the verj' careful measure- 
ments carried out by Morse and Fra_er ® since 1903 by Pfeffer’s 
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I 


Lurmot, Er.c}c. Dnlannieci, lOth cd., vol. xx\-iu., p, 
Amtr. Ckem. J., 1905 , 34 , I ; 1906 , 38 , 1 , 39 ; 
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method with slight modifications. Their results show that, if 
V in the general equation be taken as the volume of the solvent, 
aqueous solutions of cane sugar approximately follow the gas 
la»-s up to a concentration of 342 grams of the solute in looo 
grams of water. A few of their results, illustrating the above 
statement, are given in the accompanying table; the numbers 
under “ gaseous ” are calculated on the assumption that the 
substance as gas occupies the same volume as the solvent in the 
solution. 


Cen(CMrtl>on c( Solution. Pmuctckt (eniiinl Icirp. IUdo of 

-» tM*)«kime<rt«>n). etmoiic 


iKOSitmi 

SI«U Iimot 


Okffloiic. 

o»tBoii£ ftn 

»iir« to Eu 
prnture. 

' 0*10 

o-09;94 

2-39 

2 522 

1-055 

0-20 

0-19192 

4-78 

5-023 

1-051 

0-40 

0-36886 

956 

9-!)6 

t-038 

0-6o 

0-532S2 

»4*34 

15-20 

l-060 

o-So 

0-6?4J8 

19-12 

2060 

1-077 

1*00 

0- tlS }4 

23’90 

26-12 

1-093 


The table shovi-s that only when concentrations are referred to 
a definite weight (or volume) of solvent is there proportionality 
between concentration and osmotic pressure; if they are re* 
ferred to a constant volume of solution (column 2) the osmotic 
pressure increases faster than the concentration The numbers 
in the fifth column show, however, that the osmotic pressure 
at 20® is on the average about 6 per cent, greater than the 
gas pressure. Curiously enough, the ratio is about the same 
at all temperatures from 0® to 25®. 

Another direct method of incasunng osmotic pressure based 
on .m entirely different principle was used by the Earl of Berkeley 
and El. G. Hartley. Instead of measuring the pressure pro- 
duced in a cell by the passage invi,*ards of solvent, they subjected 
the solution, separated from the solvent by a scmi-permeablc 
membrane, to a pressure which is just sufTicicnl to prevent the 
inflow of solvent. This balancing pressure is taken as the os- 
motic pressure. By this method Berkeley and Hartley measured 
pressures up to 130 atmospheres 

Other Methods ol Determining Osmotic Pressure— The diffi- 
culties inherent in the direct determination of osmotic pressure 
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can often be nvoicktl by determining it indirectly by com- 
parison with a solution of known osmotic pressure. Solutions 
which have the same osmotic pressure arc. said to be tsoloiiic 
or i$osmolk. 

One such method, tised by dc Vries,* depends on the use 
of plant cells as semi-permeable membranes. TIic protoplasmic 
layer which surrounds the cell-sap is permeable to water, but 
impermeable to many substances dissolved in the cell-sap, such 
as glucose and potassium malalc. If such a cell is placed in 
contact with a solution of higher osmotic pressure than the 
ccll-sap, water is willidrawn from the cell (just as a sugar 
solution absorbs water through a semi-permeable membrane) 
and the protoplasm shrinks away from the cell-wall ; a pheno- 
menon which is termed plasmolysis. If, however, the solution 
has a smaller osmotic pressure than that of the cell-sap, water 
enters tiic cell, the protoplasm expands and linCsS tlic cell-w.all. 
The behaviour of the protoplasm, especially if coloured, can be 
followed under the microscope, and by trial a solution can be 
found which has comparatively little cITccl upon the appearance 
of the cell, and is therefore isotonic with the cell contents. 

A method depending on the same principle, in which red 
blood corpuscles arc used instead of vegetable cells, has been 
described by Hamburger,* and the cell-walls of bacteria may 
also be used as scmi-pcrmc.able membranes. 

The following table contains some " isotonic coeftkients ” as 
given by dc Vries and by Hamburger ; the numbers represent 
the ratio of the osmotic pressures of cquimoltcuUir or equimolar 
solutions of the compounds mcntioncri. 

Isotonic Cocflicients. 

PlRSTOotydc Vi’Wi Red Blood 


Subst.sncc. Method. Corpuscles. 

Cane sugar . . . i-Si 1-72 

Potassium nitrate . . 3-0 3-0 

Sodium chloride . . 3-0 3-0- 

Calcium chloride . . .^-33 4-05 


It will he observed that, aUhough the results obtained by the 
two methods agree fairly well, the osmotic pressures for cqui- 

* Zeilith. /lAvn't.!/. Chfnx., rSSS, 2 , 415, 

• UU., tS9v7, 0, 3t9. 
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view Lha* ‘Jit p.tir.re a to bt accorr.ted 
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(T.e ts the beebardsent of the seaUs cf 
thf TsiJsI by scljte particles, la the same 
»ay M the pressure cf a gas is produced 
»«:f£s2 to the bseuc theory, and the 
fact List the esraotic pressure is proper* 
ticnal to the absolute temperature appears 
rather to support this suggestion. Qihtr 

1 '^£ 5 .*-a«-th 3 t If IS connected TCith.attiac- 
^ipribets'cea solvent and solutcr-or perhaps 
^ith surface tension eilects. It may be 
poi-Tied out that the equivalence of osmotic 
pressure and gas pressure in great dihiUcn 
IS no evidence that they arise from the *9- 

lame cause. 

As regards semi-permeable membranes, their efficiency does 
not depend, as might at first be supposed, on anything in the 
nature of a sieve action, only the smaller molecules being allowed 
to pass, but rather upon a difference in their solvent power for 
the two ‘components of the mixture. The action of the pat* 
udium in Ramsay's experiment (p> 93) is very probably to bo 
accounted for in this way, and that the same is true for 
u well illustrated by an instructive experiment du 
and illustrated in Fig. 19. The wide cylindrical gla ,, 

’ For a ducu<«ion between r*n‘| Ifoff and Lothtr Mejre 
»e« 2 nti<k dim., 1890, 0. 13, 174. * 
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be obtained. It has been calculated th.it the enormous force of 
four million tons weight is needed to force I gram mol of cane 
sugar through water at a velocity of I cm. per sec. Tlie more 
rapid diffusion in gases may plausibly be ascribed to the much 
smaller resistance to the movement of the particles. 

1 1 The rate of diffusion is much influenced by temperature 
'land, curiously enough, to about the same extent for all solutes 
* Ithe aver.ige increase is about iV of the value at iS* for every 
idegrec C. 

MOLKCULAR WEIGHT OF DISSOLVED SUBSTANCF.S 


General — It has already been pointed out (p. 113) that since 
Avogadro'i h>*pothesii is valid for solutions, the molecular weight 
of a dissolved substance can readily be calculated when the 
osmotic pressure exerted by a solution of known concentration 
at known temperature and pressure is known An illustration of 
this is given on the next page As, however, the direct measure* 
ment of osmotic pressure is a matter of considerable difficulty, 
it has been found more convenient for the purpose to measure 
other properties of solutions, the rehitonshtf' of trhich to the 
emotie fressure a kne-m The only three methods which can 
be dealt with bcfc are - 


(1) Tlie lowering of vapour pressure, 

{2) Tile elevation of boiling-poinl , 

(3) Tlie lowering of frcering point, 
brought about by adding a known weight of solute to a known 
weight or volume of solvent 

It can be shown by thermodynamical reasoning (p 136) that 
under certain conditions the lowering of vapour pressure, the 
elevation cf the boiling-point and the lowering of the freezing* 
point due to the addition of a definite quantity of solute to a 
definite volume of solvent are each proportional to the osmotic 
pressure of the solution. Further, the equations expressing the 


exact relationships between these three factors and the osmotic 
pressure have also been established,* and all these theoretical 
deductions have been fully confirmed by experiment. ^ ItfcUm 
that just as tquimclecular quantities cf^Ji^e^enl suhsisKtes in 
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the vapour pressure to the same extent. On comparing the relative 
lowering in different solvents, the same observer discovered 
another important rule, which may be expressed as follows: 
The relative loicering of vapour pressure is equal to the ratio of the 
number of molecules of solute and the total number of molecules in 
the solution. Putting pj and p^ for the vapour pressures of sol- 
vent and solution respectively, the rule may be put in the form 


Pi — Pt _ « 

Pj N + n 

in which n and N represent the number of molecules of solute 
and solvent respectively. In order to illustrate the validity of 
this rule, some results given by Raoult arc quoted in the ac- 
companying table ; the relative lowering is that due to the 
addition of I mol of solute to lOO mols of the various sol- 
vents ; — 

Sohtnt. HjO fcij CS| CCU CHjI (CtHj)-0 CHjOU 

Rchlivc lowering o-ojos o-oioS 0-0105 O'Oios 0-0105 0-0096 0-0103 

The results agree excellently among themselves, and fairly well 
with the calculated value, l/ioi = 0-0099. 

About the same time van't Hoff introduced the conception 
of osmotic pressure, and showed by a thermodynamical method 
(p. 136) that the relation between the relative lowering of vapour 
pressure and the osmotic pressure is given by the equation 


Pi — ft _ M p 
Pi sRT' 


(I) 


where M = molecular weight of solvent, in the form of vapour, s 
is its density, and the other symbols have their usual significance. 
The expression M/sRT is therefore constant, since it depends 
only on the nature of the solvent, and consequently the relative 
lowering of vapour pressure is proportional to the osmotic 
pressure, P. By using the general equation, PV — jzRT (where 
?! is the number of mols of solute), P in equation (l) can be 
eliminated,* and we finally obtain 


Pi — Ps _ « 

Pi N’’ 

’ ^ '^hert V fa the volume of the solvent. If N represents 

the number of mols of solvent, M its molecular weight and 1 its density, 



nil.lTTF JOLin-lOS’S 


This equation diflm froni cl KaouU in that the de- 
nominator on the h^nd <v*e »« N inUp.u! of N -f «, but 
they become identical *' at int.n.tc v* hit ten “* t\hen the volume 
of the solute is nephfiHe >n that of the so5\cnt. 

Dy substituting /:'« for n »rd \\ M for N, sphere g and W 
arc the sveic;hts o{ «ohifp ard »->\'rnt rr«pectivcly, m is the 
(unknown) molpeulir wnpht o: the «ohitr and M that of the 
solvent in the form of \apo .r we ohf »in the equation 
- 't ^ fM 

r, 


which enables us to calniUte the molecular weight of a dissolved 
substance when the rcJ.tti\e lowering produced by a known 
weight of solute in a known weight of solvent is known As 
an illustration, an experiment of Smits may be quoted. He 
found that at 0* the lowering of vapour pressure produced by 
adding r9'03sS grams of sug.*f to looo grams of water is 
0-00703 mm , the vapour pressure of water at that temperature 
being 4 67 mm. Hence 


000705 _ 290338 X 18 
4 62 lOCXJM ’ 


3 ^ 2 , 


in exact agreement with the theoreticai value 
As the lowering of vapour pressure is very small and not 
very easy to determine accurately by a statical method, it has 
not been very largely used for molecular weight determinations, 
the closely allied method depending on the elevation of the 
boiling-point being preferred It has, however, one great 
ads-antage, inasmuch as, unlike the boiling-point and freezing- 
point methods, it can be used for the same solution at widely 
different temperatures For this purpose, a d^mamical method 
S’JESWtcd by Ostwald and worked out by Walker* has certain 
advantages. A current of air is drawn in succession through 
(0 a set of Liebig's bulbs containing the solution of vapour 
pressure P|, (2) similar bulbs containing the pure solvent vapour 

the Tolume V of the lolrent - MN/x. Hence P - *ncf *b«> 

Mhie t» luhxtitufed :a e<ju»tion (1) veobUis 

C*fm,i$SS.Z 6 (n. ' 
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the vapour pressure to the same extent. On comparing the relative 
lowering in different solvents, the same observer discovered 
another important rule, which may be expressed as follows: 
The relative lowering of vapour pressure is equal to the ratio of the 
lumber of molecules of solute and the total number of molecules in 
the solution. Putting pj and p^ for the vapour pressures of sol- 
vent and solution respectively, the rule may be put in the form 


Pi-Pt - » 

Pi N + n 

in which n and N represent the number of molecules of solute 
and solvent respectively. In order to illustrate the validity of 
this rule, some results given by Raoult arc quoted in the ac- 
companying table ; the relative lowering is that due to the 
addition of I mol of solute to lOO mols of the various sol- 
vents : — 


Sol^tnt. H,0 PCI, CS, CCI, CH,1 (CjHiljO CH-0» 

Relative lowering o-oi02 o-oio8 0-0105 0-0105 0-0105 0-0096 00J03 

The results agree excellently among themselves, and fairly well 
with the calculated value, l/ioi = 0-0099. 

About the same time van’t Hoff introduced the conception 
of osmotic pressure, and showed by a thermodynamical method 
(p. 136) that the relation between the relative lowering of vapour 
pressure and the osmotic pressure is given by the equation 


Pi — Pi — M p 

Pi sRT- 


• (I) 


where M = molecular weight of solvent, in the form of vapour^ s 
is its density, and the other symbols have their usual significance. 
The c-xpression M/sRT is therefore constant, since it depends 
only on the nature of the solvent, and consequently the relative 
lowering of vapour pressure is proportional to the osmotic 
pressure, P. By using the general equation, PV = mRT (where 
n is the number of mols of solute), P in equation (l) can be 
eliminated,^ and we finally obtain 


Pi — Pi _ « 

Pi N- 

* r •• — lA'hcre V is the volume of the solvent. If N represents 
the number of mols of solvent, M its moleculfir wcighl and x its density, 
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Thi* equation difTers from that o{ Raoult in that the de- 
nominator on the right-hand side is N instead of N + but 
they become identical “ at infinite dilution " when the volume 
of the solute is negligible in comparison with that of the solvent. 

By substituting g/m for n and W/M for N, uherc g and W 
arc the weights of solute and soh'ent respectively, m is the 
(unknown) molecular weight of the solute and M that of the 
solvent in the form of vapour, we obtain the equation 


ft -ft - 
p^ \Vm* 

which enables us to calculate the molecular weight of a dissolved 
substance tkhen the relative lowering produced by a known 
Skcight of solute in a known weight of solvent is known. As 
an illustration, an experiment of Smiis may be quoted, lie 
found that at o* the lowering of vapour pressure produced by 
adding 39-0358 grams of sugar to 1000 grams of water is 
o*oo“05 mm , the vapour pressure of water at that temperature 
being 4 63 mm. Hence 


0-00705 _ 390358 X 18 
4-63 looow ’ 


342, 


in exact agreement with the theoretical value 
As the lowering of vapour pressure is very small and not 
very easy to determine accurately by a statical method, it has 
not been very largely used for molecular weight determinations, 
the closely allied method depending on the elevation of the 
boiling-point being preferred. It has, however, one great 
advantage, inasmuch as, unlike the boiling-point and freezing- 
point methods, it can be used for the same solution at w-idely 
different temperatures For this purpose, a dynamical method 
suggested by Ostwald and worked out by Walker * has certain 
advantages. A current of air is drawn in succession through 
(0 a set of Liebig's bulbs containing the solution of vapour 
pressure p*. (2) similar bulbs containing the pure solvent vapour 

the Tolume V cf the KJeent » MN/r. Hence P - *nd when thU 

Tthie ti iubiUhited {a equition (i) we obtua (/», — y,V/, • 

* Zntul fXynX^I. Cir-i , iSSS, 3, 6o». 
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the vapour pressure to the same extent. On comparing the relative 
lowering in different solvents, the same observer discovered 
another important rule, which may be expressed as follows : 
The relative loicering of vapour pressure is equal to the ratio of the 
number of molecules of solute arid the total number of molecules in 
the solution. Putting y)i and p. for the vapour pressures of sol- 
vent and solution respectively, the rule may be put in the form 


Pi - » 

pj N -f n 

in which ii and N represent the number of molecules of solute 
and solvent respectively. In order to illustrate the validity of 
this rule, some results given by Raoult are quoted in the ac- 
companying table ; the relative lowering is that due to the 
addition of i mol of solute to 100 mols of the various sol- 


vents : — 

SoUtns, HjO PClj CSj CCI| CHjl (CjHsV.O CHjOH 

Relative lowering o-oi02 o-oio8 0-0105 O'Oios 0-0105 0-0096 0-0103 

The results agree excellently among themselves, and fairly well 
with the calculated value, l/ioi = o-oopp. 

About the same time van’t Hoff introduced the conception 
of osmotic pressure, and showed by a thermodynamical method 
(p. 136) that the relation between the relative lowering of vapour 
pressure and the osmotic pressure is given by the equation 


Pi — Pi _ M p 
Pi sRT 


(I) 


where M = molecular weight of solvent, in the form of vapour, s 
is its density, and the other symbols have their usual significance. 
The expression M/sRT is therefore constant, since it depends 
only on the nature of the solvent, and consequently tlie relative 
lowering of vapour pressure is proportional to the osmotic 
pressure, P. By using the general equation, PV = «RT (where 
n is the number of mols of solute), P in equation (i) can be 
eliminated,^ and we finally obtain 


Pi — P2 _ « 

p, N- 

' I* ” -y-* ^ i* die volume of the solvent. If N represents 

the number of mols of solvent, M its molecular -weight and t its density, 
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Thh equation diflers Irom that of Raoult in that the de- 
nominator on the right-hand side is N instead of N 4 - hut 
they become identical “ at Infinite dilution ” when the volume 
of the solute is negligible in comparison with that of the solvent. 

By substituting gjm for n and W/M for N, where g and W 
arc the weights of solute and solvent respectively, m is the 
{unknown) molecular weight of the solute and M that of the 
solvent in the form of vapour, wc obtain the equation 

/'i — Ts — 
pt W'm 


which enables us to calculate the molecular w'cight of a dissolved 
substance when the relative lowering produced by a known 
weight of solute in a known weight of solvent is known. As 
an illustration, an erperiment of Smits may be quoted. He 
found that at o* the lowering of vapour pressure produced by 
adding 29-0358 grams of sugar to JCx» grams of water is 
0-00705 mm , the vapour pressure of water at that temperature 
being 4-62 mm Hence 


000705 ^ 18 ^ 

4-CJ tooom 


In exact agreement with the theoretical value. 

As the lowering of vapour pressure is very small and not 
very easy to determine accurately by a statical method, it has 
not been very largely used for molecular weight determinations, 
the closely allied method depending on the elevation of the 
boiling-point being preferred. It has, however, one great 
advantage, inasmuch as, unlike the boiling-point and freezing- 
point methods, it can be used for the same solution at widely 
diiTcrent temperatures. For this purpose, a dynamical method 
suggested by Oslwald and worked out by Walker t has certain 
advantages. A current of air is drawn in succession through 
(1) a set of Liebig’s bulbs containing the solution of vapour 
pressure p,, (2) similar bulbs containing the pure solvent vapour 

ft. relum, V „t ft. KirtM _ MN)«. Il.on P - ,„d .h.» ftu 

Tslue U fubttitutfd ia r<]u»tioD (l) we obuln tp, — — w/N. 

’ Zritlek. fkynkat. Cktm , iSSS, Z, 6oi. 
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pressure p^, (3) a U-tube containing concentrated sulphuric 
acid. In the first set of bulbs it becomes saturated up to 
pj with the vapour of the solvent, in the second set up to pi, in 
the U-tube the moisture is completely absorbed. The loss of 
weight in the second set of bulbs is proportional to p^ — pj, and 
the gain in the U-tube to pi {cf. p. 102).^ 

Elevation of Boiling-point — A little consideration shows that 
there is a close connection between this method of determining 
molecular weights and that depending on the lowering of vapour 
pressure. A liquid boils when its vapour pressure is equal 
to that of the atmosphere. The presence of a solute lowers 
the vapour pressure, and to reach the same pressure as before 
we require to raise the temperature a little ; it is evident that, 
to a first approximation, this elevation must be proportional 
to the lowering of vapour pressure. It follows that, in this 
case also, cquimolccular quantities of different solutes, in equal 
volumes of the same solvent, raise the boiling-point to the 
same extent. The molecular weight of any soluble substance 
may therefore be found by comparing its effect on the boiling- 
point of a solvent with that of a substance of known molecular 
weight. 

For this purpose, it is convenient to determine the molecular 
elroaiion constant, K, for each solvent, that is, the elevation of 
boiling-point which would be produced by dissolving a mol of 
any substance in too grams or too c.c. of the solvent. Actually, 
of course, the elevation is determined in fairly dilute solution, 
and the value of the constant calculated on the assumption that 
the rise of boiling-point is proportional to the concentration. 
Then the weight in grams of any other compound which, when 
dissolved in 100 grams or 100 c.c. of the solvent, produces a 
rise of K degrees in the boiling-point is the molecular w'cight. 

If g grams of substance, of unknown molecular weight, in, 
dissolved in L grams of solvent raises the boiling-point S degrees, 
whilst m grams in 100 grams of solvent give a rise of K degrees, 
it follows, since lOOg/L is the number of grams of substance in 
100 grams of solvent, that 

’ A modification of this method has been used by Lord Berkeley and 
Hartley for the indirect determination of the osmotic pressure of concen- 
trated solutions of cane supar {Free. Key. Sec., J906, 77 a, 156). 
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: 5 ; : m : : K, whence m = 

L L8 

In Ihe cojnc of the last few years, the consUnts for 100 grams 
and 100 C.C. have been very carefully determined for a large 
number of solvents, and some of the more important data are 
given in the accompanying table:— 

&(c!ecuUr FJmCion Constant. 

jQQ jjni too C.C 


Water 


- 5-2 

5*4 

Alcohol . 


• n-5 

15-6 

Ether 


. 21-0 

307 

Acetone . 


. 167 

22-2 

Benzene . 


. 267 

32-8 

Chloroform 


. 39-0 

277 


Van’t Hoff has shown (p 141 ) that these constants, some ol 
which had previously been obtained empincally by Raoult, can 
be calculated from Uie latent heat of vaponzation, H, per gram 
of solvent, and its boiling'point. T. on the absolute scale, by 
means of the formula 

.. OHjaT* 

K= 

As an example, the calculated value for the molecular elevation 
constant for water, the latent heat of evaporiration of which at 
its boiling-point is 537 calories, is 

K = (tK»3 X (373)*)/537 = 5-2 

in satisfactory agreement with the expcnmcntal value For all 
solvents which have been carefully investigated, the experi- 
mental and calculated values are in good agreement ‘ 
Experimenfal Determiiulion o! Molecolar Weights hy the 
Bolli^-point Method— The ease and certainly with which such 
determinations can now be made is largely due to the work 
of Beckmann. One of the methods suggested by liitn will first 
be considered, and then a method due to Ijndsberger, based on 
a dilTerent principle. 

' The tWTved »nd calcuUtei value* f« • Urge nuniher of loJvenU are 
fiTts in Laaioll *aj Blmstrin'i table*. 
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{<j) Beckmann's Method — ^The apparatus used is represented 
in Fig. 20. The boiling-tube, A, is provided with two side 



tubes, <j, by means of which the solute (solid or liquid) is 
introduced, and t;, which is connected to a small condenser, 
by the action of which the amount of solvent is kept fairly 
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constant. Ttie lolution is made to boil by the heat from a 
small screened burner, B, which can be carefully regulated, 
and the boiling liquid is insulned by means of an air jacket 
between the outer cylindrical glass tube, G, and the boiling 
tube. As the temperature of the vapour which escapes from 
a boiling solution is little, if any, above the boiling-point of the 
pure solvent, it is necessary to place the thermometer in the 
boiling liquid so that the bulb is completely immersed. The 
liquid tends to become superheated, and to eliminate Uus source 
of error Beckmann .recommends filling up_the boilmg-lubc 
nearly to the level of Uie liquid with glass beads or garnets7 or, 
still better, with platinum tetraliedra. The thermometer repre- 
sented in the figure, which was specially designed by Beck- 
mann for this work, has a Urge bulb and an open scale, covering 
only 5*-0*, and graduated in tott*- To fender the thermometer 
available for widely different temperatures, there is an arrange- 
ment by means of which the amount of mercury in tlie bulb 
can be to .adjusted that the top of the thread can be brought 
on the scale at any desired temperature. The solvent, of which 
10 to 15 grams is usually sufTicient, is measured with a pipette, 
or weighed by difTerence in the boihng-tube itself; the solute, 
if solid, may be conveniently introduced in the form of a com- 
pressed pastille or, if liquid, by means of a bent pipette. The 
boiling point of the solvent is determined by causing il to boil 
fairly vigorously, and the temperature should remain constant 
within 0-0l"-0 015* for about twenty minutes while readings are 
being taken. The temperature is then allowed to fall several de- 
grees by removing the source of heat, the solute rapidly intro- 
duced, the boiling-pomt again determined, a fresh quantity of 
solute introduced, (he boiling-point re-clelcrmmcd, and so on. 
The thermometer should be tapped before each reading The 
amount of solute added may conveniently be such that the 
boiling-point is raised O-Ij'-O-a* after each addition It may 
be pointed out that more satisfactor>’ results are usually ob- 
tained when diflercnces produced by the addition of more 
solute are used in the calcukation than when dilTerences in the 
boiIing-polnt of solvent and solution are used 
As an illustration of the calculation of the results, an expen- 
menl with camphor in ethyl alcohol may be quoted The 
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addition of 0-56 gram of camphor to l6' grams of the solvent 
raised its boiling-point 0-278'’. Hence 


VI — 


lOOgK _ 100 X 0-56 X n -5 _ 
L8 16 X 0-278 


the theoretical value for CioHjeO being 142. 

With proper precautions, the results obtained by this method 
arc accurate within 3-4 per cent'. 

(i) Lavdsherger's Method— This method depends upon the 
fact that a solution can be heated to its boiling-point by passing 
into it a stream of the vapour of the boiling solvent. In this 
case there is little or no risk of superheating, as the temperature 
of the vapour is loivcr than the boiling-point of the solution. 
The boiling-point of the solvent is first determined by passing in 
vapour till the temperature ceases to rise, some of the solute 
is then added, and more vapour passed in until the boiling- 
point of the solution is reached. As, during the heating, the 
amount of solvent increases by condensation of vapour, the 
final amount of solution, upon which of course the observed 
boiling-point depends, is obtained by weighing after the experi- 
ment. If no great accuracy is required, the final volume may 
be read off in the boiling-tube, graduated for the purpose. 
Radiation may be minimised by jacketing the inner tube with 
the vapour of the boiling solvent. 

Depression of the Freezing-point— This is the most accurate 
and most largely employed method for the determination of 
molecular weights in solution. The two necessary conditions 
for its applicability arc (i) the pure solvent, free from any of 
the solute, must separate out when the freezing-point is reached ; 
{2) only a little of the solvent must have separated when the 
measurement is taken, otherwise the concentration of the 
solution will be appreciably altered. As in solubility deter- 
minations, we arc dealing with an equilibrium (p. 103) in this 
case between ice and solution, and the experimental fact is 
that the more concentrated the solution the lower is the tempera- 
ture at u-hich equilibrium is reached. It is thus evident that 
if a large amount of the solvent separates in the solid form, 
the obser\-cd freezing-point is the temperature of equilibrium 
with a more concentrated solution than that originally prepared. 
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In this case also, the osmotic pressure, and hence the molec 
uLr sleight, could be calculated from llie formula connecting 
0‘motic pressure and depression of the freezing-point (p 144), but 
the comparison method is always used. Just as for the boiling- 
point (p. 124) the vrheutar freKtr.g-f’otnt def'ression, i e., the 
depression produced by dissolving 1 mol of solute in too grams 
or 100 C.C. of the solvent, has been determined for a large 


number of solvents, and some of the more 

important data 

given in the accompanying 

table: — 


SoNtnL 

Meircular DrprFuion. 


100 c e. 

Water . . 

. . ts-s 

185 

Benzol . 

. 50 

56 

Acetic acid . 

• 39 

4 » 

Phenol . 

• 74 

— 

Naphthalene . 

. 69 

— 


The molecular depression, K, can be calculated from the 
latent heat of fusion, H, of the solvent and its freezing-point 
on the absolute scale by means of the expression 


0-02T* 

K-_jr 


analogous to that which holds (or the boiling-point elevation. 
Thus lor water we have K = I002 x (273)’)/Bo «• i8-6. 

It may be mentioned, as a matter of histoncal interest, that 
the experimental values for K obtained with solutions of cane 
sugar by Raoult, Jones, and others, were at first much greater 
than 186, but the careful experiments of Abegg, Loomis, 
Wildermann, and later of Raoult himself, made it clear that 
the high N-alues previously obtained were due to experimental 
error, and that, with proper precautions, the value of K deduced 
on the basis of the theory of solution was fully confirmed by 
experiment. 

If g grams of solute, in L grams of solvent, caused a depres- 
sion, A, of the freezing-point of the solvent, the molecular weight 
of the solute can be calculated from the formula 

M«— ^ 

AL ’ 


9 
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which exactly corresponds with that already given for elevation 
of boiling-point. 

Experimental Detennination of Molecular Weights by the 
Freezing-point Method— The apparatus which is used almost 
exclusively for this purpose was also de- 
1 signed by Beckmann, and is shown in 

i* Fig. 21. The inner tube, A, which con- 

tains the solvent, has a side tube by 
which the solute may be introduced, and 
is provided with a Beckmann thermometer, 
° D, and a stirrer, preferably of platinum. 

r The remainder of the apparatus consists 
of a tube, B, rather wider than A, and 
fitted into the loose cover of the large 
beaker, C, which contains water or a 
freezing-mixture (ice, or ice and salt), the 
temperature of which is below the 

freezing-point of the solvent. 

making an experiment, 15-20 grams 
solvent are weighed or measured 

tube, A, the stirrer and ther- 

j mometer arc put in place, and A is then 

: f placed in the wider tube B, which acts as 

1 an air mantle. The liquid is then stirred 

° ] continuously and the thermometer ob- 

1 1 served. Owing to supercooling, the tem- 

perature falls below the freezing-point of 
the solvent, but as soon as solid begins to 
separate, it rises rapidly, owing to the 
latent heat set free, and the highest tem- 
perature obscr\’cd is taken as the freezing- 
Fio. 51. pomt of the solvent. The tube is then 


removed from the bath, the solid allowed 
to melt, a weighed amount of the solute added, and the deter- 
mination of the freezing-point repeated. A further portion of 
solute may then be added, and another reading taken. With 
some soK'cnts there is considerable supercooling, and as this 
would be a source of error owing to separation of much solvent 
when solidification finally occurs, a small particle of solid sol- 
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vent is added to start solidification when the temperature has 
fallen i"-2* below the Ireeiing-point. 

As an illustration of the calculation of the results, an expert* 
ment with naphthalene in benienc may be quoted. The addition 
of 0‘J42 gram of the compound to 20 25 grams of the soK-ent 
lowered the freezing-point 0*284*. Hence 

)»} = too X 0*143 X S *'3 ^ pg 

AL 0*284 X 20*25 

as compared with the theoretical value 128. 

Ecsnlts of Klolecohr Weight Deferminaiions ia Solution. 
General— The most important result of the numerous molecular 
weight determinations of dissolved substances which have been 
made in recent years is that in general the molenthr xvei^ht in 
dilute seMion 11 the same as that deduced from the simple 
formula of the solute, as based on vapour density determinations 
or on its ekejnieal behavtour For example, the empirical 
formula of naphthalene is and since one-eighth of the 
hydrogen can be rephiced, the simplest chemical formula must 
be CigHg. and the molecular weight J2S Cr)*oscopic determina- 
tions in benzene gave a value 126, so that naphthalene is present 
as simple molecules in solution 
The van’t Hoff*Raoult forroulx (p 122) on which the deter- 
mination of molecular weights in solution depend, have been 
deduced on certain assumptions which hold only for dilute 
solutions, and it is of the utmost importance to bear in mind 
that there is no a priori reason why they should give trust- 
worthy results for concentrated solutions. The question as to 
how far the gas laws hold for concentrated solution, or what 
modifications are necessary, has been much debated, but so far 
no definite conclusions have been arrived at. It is mainly a 
matter for further txpenment It has already been shown 
(p. 115) that when V in the general formula is taken as the 
volume of the solvent, the normal molecular weight is obtained 
tor cane sugar up to very high concentrations on the assumptio* 
that the gas laws are valid for these solutions. The samc*^-^ 
true for other compounds, more particularly in organic solveiM 
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as may be illustrated by the values obtained by Beckmann for 
camphor in benzene ^ (theoretical value 1 52) ; — 


Concentration. 

Value of m. 

Concentration. 

Value of 

0'4n 

144 

12-n 

149 

1-253 

143 

23-12 

152 

2791 

14s 

26-59 

154 

5-897 

147 




The observed molecular weights depend not only on the nature 
of the solute and on the concentration, but also veiy* largely on 
the nature of the solvent. Examples will be given in the follow- 
ing pages showing that in certain solvents the observed mole- 
cular weights are often higher than those deduced from the 
chemical formula of the solute. The solute is then said to form 
complex molecules or to be associated, and the solvent is termed 
an assodaling solvent. In other solvents, on the contrary, the 
molecular weight may be equal to or less than that deduced 
from its chemical formula. In the latter case the solute is said 
to be dissociated, and the solvents in question arc termed 
dissociating solvents. 

Abnormal Molecular Weights — In order to illustrate the re- 
sults of molecular weight determinations from a slightly different 
point of view, the following table contains the values for the 
molecular freezing-point depression, K, for three typical sol- 
vents, water, acetic acid, and benzene. The data are mainly due 
to Raoult, and in calculating K it is assumed that the molecular 
weight corresponds with the ordinary chemical formula of the 
solute; — 

Solvent— Water. Solvent— Acetic Acid. Solvent — Benzene. 

Solute. K. Solute. K. Solute. K. 

Cane sugar l8-6 Methyl iodide 38-8 Methyl iodide 50-4 
Acetone . 17-1 Ether . . 39-4 Ether . . 497 

Glycerol . 17-1 Acetone , 38-1 Acetone . 49-3 

Urea . 187 Methyl alcohol 35-7 Aniline . , 46-3 

HCl . 39'i HCl . .17*2 Methyl alcohol 25-3 

HNOj . 35-8 H2SO4 . . i8-6 Phenol . , 32-4 

KNOj . 35-8 {CH3COO)2Mg 1 8-2 Acetic acid . 25-3 

KaCl . 36-0 Benzoic acid . 25-4 

‘ Concentration in grams per too grams of benzene. 
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that the complex molecules arc only partly broken up in 
EO'Callcd associating solvents. 

The explanation of the behaviour of solutes in water is by 
no means so simple, and can only be dealt with fully at a 
later stage. The data in the table indicate that, cane sugar, 
urea, acetone, etc., arc present as single molecules in solution, 
but hydrochloric acid, potassium nitrate, etc., behave as if 
there were nearly double the number of molecules to be anti- 
cipated from the formula:. When van't HolT put forward his 
theory of solutions he was quite unable to account for this 
behaviour, and contented himself with putting in the general 
gas equation a factor, i, to represent the abnormally high 
osmotic pressure, so that for salts and the so-called “ strong ” 
acids and bases in aqueous solution the equation became 

PV = ,-RT. 

The factor t can of course be obtained for aqueous solutions by 
dividing the experimental value of the molecular depression by 
the normal constant, l8-6, so that for potassium nitrate, for 
example, i = 35-8/i8'6 — 1-92. 

Van't Hoff recalled the fact that ammonium chloride, in the 
form of vapour, exerts an abnormally liigh pressure, which is 
simply accounted for by its dissociation according to the cqua- 
^ tion NHjCl == NH, + HCl, but it did not appear that the 
results with salts, etc., could be explained in an analogous way. 
We shall see in detail later that the elucidation of the signifi- 
cance of the factor j was of the highest importance for the 
further development of the thcoiy of solution. According to 
our prc.scnt views, the substances which show abnormally high 
osmotic pressures arc partially dissociated in solution, not into 
ordinary atoms, but into atoms or groups of atoms associated 
with electrical charges. The equation representing the partial 
splitting up of potassium nitrate, for example, may be written 

KNO3 ~ K -f NOj, which indicates that the solution contains 
potassium atoms associated with positive electricity, and an 
equal number of NO, groups, associated with negative elec- 
tricity. These charged atoms, or groups of atoms, arc termed 
ions. 
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Practical Dlastrations. Osmotic pressure— ^ht nature of semi- 
permeable membranes may readily be illustrated by Traube’s 
experiment, described on page 109, and also by allowing drops 
of a fairly concentrated solution of potassium ferrocyanide 
to fall into a moderately dilute solution of copper sulphate 
in such a way that the drops, which are immediately sur- 
rounded by a film of copper ferrocyanide, remain suspended 
at the surface of the solution. It will be observed that the 
cells grow fairly rapidly owing to passage inwards of water from 
the copper sulphate solution, and, further, that in consequence 
of the increased concentration of the copper sulphate solution 
round the drop, the concentrated solution slowly flows down 
through the less concentrated solution. The stream of con- 
centrated solution can readily be recognised by the difference 
of refractivity, especially if a' bright light is placed behind the 
vessel. 

Stlective Action 0] Semi'permtAble Membrane . — This can be 
illustrated by Nernst’s expenment, which is fully described and 
figured on page 117. 

A simple experiment illustrating the same principle has been 
described by Kahlenberg • At the bottom of a cylindrical jar 
is placed a layer of chloroform, above that a layer of water, and 
at the top a layer of ether and the jar is then corked. After 
some time it will be noticed that the chloroform layer has 
increased in depth, the water layer having moved higher up 
the tube. This phenomenon depends on the fact that ether is 
much more soluble in water than chloroform The water there- 
fore acts like a semi-permeable membrane, absorbing the ether 
and giving it up to the chloroform. At the same time the 
chloroform is dissolving in the water and passing through to 
the ethereal layer, but owing to its much smaller solubility, the 
current upwards is negligible in comparison with that downwards. 

In the same paper, Kahlenberg describes a number of experi- 
ments with rubber membranes, which are in many respects 
Instructive 

Separation of Solvent and Solute in Freezing-point Experi- 
ments — ^This point, which is of fundamental importance for the 


Phytieat Chtm , 1906 , 10, 141 . 
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applicability of the freezing-point method of determining molec- 
ular v.-cights, can be illustrated by partially freezing an aqueous 
solution of a highly coloured substance such as potassium 
permanganate (o-l per cent, solution). When the solution is 
poured off, it will be found that the ice which has separated 
is practically colourless. 

The determination of molecular weights by the boiling-point 
method (p. 126) and by the freezing-point method {p. 130) arc 
fully described in the course of the chapter. 


APPENDIX 


Mathematical Deductions of Formulro Connecting Osmotic 
Pressure with Other Properties of Solutions 


In the course of the present chapter, several forroulx of fundamental 
importance have been made use of, and tlieir meaning has been folly illus- 
trated by numerical examples. For the sake of the more advanced student, 
simple deductions of these formulro arc given. It must be understood that 
the deductions ate not mathcmaticaliy strict, ns certain of tltc assumptions 
on which they are based arc only approximately true. 

Lowering of Vapour Pressure — Ihe fundamental equation (p. iiz), 


Pi ~ f) „ P 

Pi ’V.t‘ 


(0 


v.hidt gives the connection between the relative lowering of vapour pressure 
am! the osmotic pressure, and the Rnoult-van't liolT formula (p. 122), 


Pi- Pi „ " 
Pi N 




which is readily derived from equation ft) by means of the gas laws, can 
be dedured l>y a staticai-tlicrmodynamical method due to Arrhenius and 
also iiy a cyclical Uicrmod)'nanHcai method due to van't Hoff, "niesc de- 
ductions will now l>e given, 

(1) The Statical Methcd~K long tube, R, containing a solution of « 
inols of a non-volatile solute in N mols ot solvent,* is dosed at its lower 
cmi by a scmi-pcrmcablc membrane and placed upright in a vc,sscl, C, 
whirh contains pure solvent (Fig. as). Tire arrangement is covered bv a 
Irelbjar and all air is removed from the interior. When equilibrium be- 
tween solvent and solution is established llirough the scmi-pcrmcablc mcro- 
hr.ine it is c\ ident that the osmotic pressure is measured by the hydrostatic 
pressure t>f the column of liquid (height, h) in the tube. Now the pressure 
of vapour at the level, o, of the surface of the solution must be the same 


* In calculating the number of mols of solvent, its molecular weight, 
M, is taken as that in the form of vapour (p. 122). 
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inside tnd outside the *■” ... . 

densation of vapour ■ ** '* ' 

the coneentratioQ of • ■ ■ ' ' 

between solution and i ■ , ■ 

postulate t^t the system u in cquilibnum. If t\ is the vapour pressure 
of the solvent and that of the solution, the difference /j — /i is the 
difference of pressure at the surface of the solvent and at the level, a. Tins 
difference is due to the weight ot a column of vapour of height, h, on unit 
area, therefore 

Px-px-kd (o) 


substituted in the general gas equa> 
tion /jV, « RT, we obtain 

<f- 

RT 

Further, u the osmotic pressure. 
P, Is measured bv the weignt of the 
column, k, therefore P « kt' where 
/' is the density of the solution If 
very dilute solutions are used, no 
appreciabie error will be commuted 
by substituting i, the density «( the 
solvent, for the density of the 
solution. Substituting these values 
of d and h in equation {») we obtain 


/i - Pi 
Px-P x 


.1 

“ T K I 

P. 

•UT • 


which is equation (i), p 122. 

From this equation, we obtain 
the formula. 


Pi 



as already described (p. 122). 

(2) Tke Cythcal Mtthad—IMvi thermodynamical proof of the above 
formula depends upon the performance of a cyclic process— in which the 
sjstem is finally brought baM to its initial condition— reversibly at constant 
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(<j) Jf the solution is brought into contact with its own saturated vapour 
at constant temperature, the slightest diminution of the external pressure 
will effect the removal of part of tire solvent ; on the other hand, the slightest 
increase of the external pressure will bring about condensation of vapour. 
If the change of volume of the solution is in each ease very small compared 
with the total volume, the change in concentration can be neglected. 

{i) A' solution is placed in a cylinder closed at the bottom with a semi- 
permeable membrane, the cylinder is immersed in the pure solvent, and 
a movable piston rests on the upper surface. The solution and solvent 
will be in equilibrium through the semi-permeable membrane when the 
pressure on the piston is equal to the osmotic pressure. If the pressure 
IS diminished ever so slightly hr raising the piston, solvent will enter ; if 
the pressure on the piston is slightly increased, solvent will pass out through 
the membrane. We have, therefore, a second method by which solvent 
c.an be separated from a solution in a reversible manner, equilibrium being 
m.aintaincd throughout. The cyclic process, in whicli both these methods 
ore used, will now be described. 

(1) From a solution containing n mols of solute to N mols of solvent, 
a quantity of solvent which originally contained l mol of solute is squeezed 
out reversibly by means of the piston and cylinder arrangement ; the 
quantity thus removed is K/« mols. As the original quantity of solution 
is supposed to be vciy great, its concentration, and tlicrcforc its osmotic 
pressure, are not appreciably altered in the process. As the volume re- 
moved is that which contained t mol of solute, the work done on the system, 
whidi is the product of the change of volume and the pressure on the piston 
(the osmotic pressure), is equal to 

-RT (t) 

(p. jj) if the gas laws apply. 

(2) The quantity of solvent is now converted rcgcrsibly into vApouf 
by expansion at the pressutc, of the solvent ; the work gained is ap- 
proximately /ifi for I mol of vapour (the volume of the liquid being regarded 
ns negligible in eomparison), or 

/ri'. (ii) 

altogether. 

(3) The vapour is now allowed further to expand till its pressure falls 
to the vapour pressure of tlic solution : in this process, an amount of 
svork is done by the system represented approximately by 

per mol of vapour, where (y, -f /.)/2 is the mc.an pressure during the sm.all 
expansion. The quantity of vapour actually used is N/n mols, hence the 
total work done by the system is 

')('» - .... (iii) 

(4I "ntc svrpour, at the pressure is now brought into contact with 
tlie solution with which it is in equilibrium and condensed reversibly, so 
that the system regains its initial state. The work done on the system in 
comiensing the gas to liquid at the pressure /, is approximately 

N. 
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As the entire cycle is carried throngh at constant temperature, there 


which reduces to 

where p is the mean volume of i mol of vapour 
SubstJtutinff 
we hare tnally* 


• A 


as the work done by the system io (be last three stages of the cycle. This 
must be ecjual to the work done on the system during the osaoDc remoral 
of solvent, hence 

^ Rjb-ZX*- RT - e 
" A 

or w " 

AN 

as before 

The same result may be obiaued still more stsiply by integranon 
The work done by the srsiem in step (u) is evactiv balanced by that done 
on the system in (iv), as is evident from the factors themselves, if the gas 
laws hold In (in) both the pressure and the volume change during the 
expansion, hence work done bx the system for i mol of vapour is equal to 




. - RTlog/» 
P\ 


“ RT log,5e. RT log,'& (since = At'«l 

fi Pt 

- - RT log/i - A_i^A'\ _ RjtlSLh 
\ Pi J Pi 


approximately,’ or, tor the total volnme cf vapour, 

” A 

The remainder of the proof u as above. 


*^Vhe^ the solution is dilute,/ in die denominator mar he r..' 
to Pi without sensible error 

* RT — ^ IS the first term of the expansion of tf e r_' - 

tion The more accurate form of the van i H r 
log,/j//, *- to which the usual form approx.=i* -c — 
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l-owcrlnff of Frcczinf^-point — The nhovc formuln Im/i been tlrducc'l 
1))’ nn b.ollictiiini cycbV, jirnrefi, but the cyclic proccsn liy w-hirh the (rcerinn* 
point forimilii in deducnl cnnnot be carried throuph at conntant temperntuic. 
\Vc are tlicrcforc concerned with n new miestion, that of llic rclntionnliip 
V>ei\vrcn bent and work . 'ri\t law wbieii applien in tbit rase in the f econd law of 
Iherinodynamirii, the deduction of nvbicli tn to be found in any advanced !>ool< 
on riiyslen, and wjiirb states that the maximum work, i/A, obtainalile from 
a piven quantity of licat, Q, in a revertihle cycle i« piven by 


JK 



where the cymboln have, the unvmt tii;nificntionn (p. isSb 

A solution containinj; n nioln of solute in N molt (W prams) of solvent 
is containeil in the cylinder with reml'pcrinealilc membrane and inovnldr 
piston already described. The freerinippoint of tbc solvent In taken ns T 
and liiat of the solution nn '1' - ifV. Tlie stapen in tbc cyclic process are 
nn follows : — 

(l) At the temperature T — /fT nn ninoiint of solvent wbich oripinnlly 
contained I mol of solute is froren out j tlie nmnmu In tpiestion is N/n 
rnols or MN’/ri prams. The separation can be carried out at coiiBlanl 
temperature provided that the amount of solulion Is to preat that its con- 
centralion is not thereby npprcei.ably afieclcd. 'I'hc eolidified solvent Is 
then srparnled from the solution and the temperature of both raised to T. 

(s) The solidified solvent in fused, in whlrh process H calories 

ate. taken u)), H beinp tbc lient of fusion pet pram. 

(j) 'I’lic fiued solvent In then tiroupbt into contact nvitb tbe solution 
ibrouph tbe semi-permenble membrane under riluillbituin eondilions, Ibnt 
is, nnlien Ibf pressure nn tbe piston in equal to tlie osmotic pressure of tbe 
Bobilion (p. l.lS) and is allowed to mix reversibly wllb tbc solution, 'llie 
work done by tbe system in this process is rej/renented by the product of 
(be osmotic jircfiurr, I’, and tbc volume, f, in wbldi i mol of solute wan 
dissolved and is, Ibetcfiite, areorsUnp to the pas laws, equal to ItT. 

( 4 ) The system is finally cooled to the oripinal Irmpcrnturc, T ~ r/T 
in nriirr to complete tbc cycle. 

We have now to consider (he work done in the diiTcrent stapes of the 
cycle. The heat exiiemlrd In warnilnp solution and solvent in (l) is prncli- 
rMy compenraieil > hy the heat piven out In (.(). I'urthcr, nn amount of 
heat IIW/« in taken ill at the liipher (emnerature, 'I', and n somewlint lens 
amount piven out at T — ifl' j lienee, by the second law of llvcrmodynamicn, 
llic work done on the system in 

H.w.fr 

fi T 


'Hie only work done by the system is that expended in llic osmotic 
re.Kitiiission of the solvent, hence 


or 


KT • 

dr 


11 . 


W ,/T 
n ' 'r 


KT« « 
H 'W 


. (0 


•'Ihe (wo .amounts arc not exaetly equal, hut the ditTcienre ran lat 
made neplipible in comparison with the heat taken up in the second sinpc 
ofthctyclc. 



DILUTE SOLUTIONS 


141 


If instead of H we use 
and, further, N -• W/NI. 
latter reduces to 


the heat of fusion, A, we have A hill, 

Substitudng these values in equation (i), the 




RT n 

T-N 


• U) 


* * mot of solute is dis 

• R is approximately 
■ >. Hence we obtain. 


-fT- K 


iT* I 

H *100“ H 


( 3 ) 


* • means of a cyclic process exactly 

'■ • I ia establisbins the freetin^*peint 

• • • elevatioa of the bojling-pciDt with 

the litent heat of vaponrstioQ ot the solvent u obtamed in the form 
^. o-oaT* 

iT.-jj- 

• here H is the heat of vaponsation of 1 of solvent at the tempentuta 
of the expenment, and T is the beiliog*point of the solvent on the absolute 
scale. 

Simunary of Formulsc — (a) Osmone and Helattv* Lswmngef 

Vaptur /Vrrrtrre.— Formula (1), p at, connectisg osmotic pressure and 
relative lowering of vapour pressure, may be wnttes 

P ^ 'RT /i - ft 

M • /, 

where P is the osmotic pressure, r is the density of the solvent at the absolute 
temperature, T, M is the molecular weight of the solvent in the form of vapour, 
and Pi and p, are the vapour pressures of solvent and solution respectively. 
In order to obtain F in atmospheres, the volume of t mol of the solvent 

hl/r has to be expressed m litres and becomes — — . The value of R 
looor ' 

in litre atmospheres is o 0821. Substituting m the above formula ne obtain 

o o-oSziT looor fi, ~ p, 

M • p, 

where P is the osmotic pressure in atmospheres and the other symbols have 
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Substituting for n its value from the equation 

p .= 

MN 

tre obtain P >= Hr^. 

In order to o' tain P in atmospheres, the volume of a mol of the solvent has 
to be expressed in litres, which introduces the factor looo, and the factor 24*22 
has to be brought in to convert calorics to litre atmospheres { 1 litre atmosphere 
•• 24-22 calories). We thus obtain 

p ^ loooHt 

24-22 ' T 

where If is the latent heat of fusion of the solvent in calories per gram, 
T is the freeaing-point of the solvent on the absolute scale and rfT is the 
freezing-point depression. 

Osmotic Pressure and Eles<ation of Bciling-point — ^The formula, wliich 
corresponds exactly w-ith that for the freezing-point depression, is 

p ^ loooHr <PX 
24-22 ' T 

where H is the latent heat of vaporization for 1 gram of solvent at its boiling- 
point, T is the boiling-point of the solvent on the absolute scale, and ifT ts 
the boiling-point elevation. 



CHAPTER VI 


THERMOCHEMISTRY 

General — It is a matter of everyday experience that chemical 
changes are usually associated with the development or ab- 
sorption of heat. When substances enter into chemical com- 
bination very readily, much heat is usually given out (for 
example, the combination of hydrogen and chlorine to form 
hydrogen chloride), but when combination is less vigorous, the 
heat given out is usually much less, and, in fact, heat may be 
absorbed in a chemical change These facts, which were 
noticed very early in the history of chemistry, led to the sugges- 
tion that the amount of heat given out in a chemical change 
might be regarded as a measure of the chemical affinity of the 
reacting substances. Although, as will be shown later, this is 
not strictly true, there is, m many cases, a parallelism between 
chemical affinity and heal liberation In thermochemistry, we 
are concerned with the heat^equivalcnt of chemical changes 
Heat is a form of energy, and therefore the laws regarding 
the transformations of energy are of importance for thermo- 
chemistry. It IS shown in text-books of physics that there 
are different forms of energy, such as potential energy, kinetic 
energy, electrical energy, radiant ene^y, and heat, and that 
these different forms of enc^ are mutually convertible. 
Further, when one form of energy is converted completely 
into another, there_is always a definite relation between the 
amount wh ich.has disappeared and that which, res’uItsr^-The 
best-known example of this is the relation between kinetic 
energy and heat, which has been very carefully investigated by 
Joule, Rowland, and others Kinetic energy may be measured 
in gram-centimetres or in ergs, and heat energy in calories 
(see p. xix). The investigators just referred to found that 
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Substituting for n its value from the equation 

P 

MN 

//*T 

vre obtain P *= Hs-^, 

In order to o' tain P in atmospheres, the volume of a mol of the solvent has 
to be expressed in litres, which introduces the factor jooo, and the factor 24-22 
has to be brought in to convert calories to litre atmospheres (t litre atmosphere 
— 24-22 calories). We thus obtain 

■o lOOoHr tfT 

where 11 is the latent heat of fusion of the solvent in calorics per gram, 
T is the freezing-point of the solvent on the absolute scale and dT is the 
freezing-point depression. 

Osmotic Pressure and Etesatson of Bciling-poird — The formula, which 
corresponds exactly with that for the freezing-point depression, is 

T, _ loooHr 

24-22 ‘ T 

where H is the latent heat of vaporization for 1 gram of solvent at its boiling- 
point, T is the boiling-point of the solvent on the absolute scale, and rfX is 
tlie boiling-point elevation. 



CHAPTER VI 
THERMOCHEMISTRY 


General — It is a matter of everyday experience that chemical 
changes are usually associated with the development or ab- 
sorption of heat. When substances enter into chemical com- 
bination very readily, much heat is usually given out (for 
example, the combination of hydrogen and chlorine to form 
hydrogen chloride), but when combination is less vigorous, the 
heat given out is usually much less, and, in fact, heat may be 
absorbed in a chemical change. These facts, which were 
noticed very early in the history of chemistry, led to the sugges- 
tion that the amount of beat given out in a chemical change 
might be regarded as a measure of the chemical afiintty of the 
reacting substances. Although, as will be shown later, this is 
not strictly true, there is, in many cases, a parallelism between 
chemical afSnity and heat liberation In thermochemistry, we 
are concerned with the heat^ equivalent of chemical changes. 

Heat is a form of energy, and therefore the laws regarding 
the transformations of energy arc of importance for thermo- 
chemistry. It is shown in text-books of physics that there 
are different forms of energy, such as potential energy, kinetic 
energy, electrical energy, radiant energy, and heat, and that 
these different forms of energy arc mutually convertible. 
Further, when one form of energy is converted completely 
into another, there is alwaj^ a definite relation between the 


a mount wh ich has disappeared and that which resuIts._.-The 
best-known example of this is the relation between tine*;^'"** 
energy and heat, which has been very carefully investigated^ -t- - 
Joule, Rowland, and others. Kinetic energy may be measir 


in gram-centimetres or in ergs, and heat energy in calo 


144 


OUTLINES OF PHYSICAL CHEMISTRY 


I caloric = 42,650 gram-centimetres = 41,830,000 ergs, an 
equation representing the mechanical equivalent of heat. 
From the above considerations it follows that when a certain 
amount of one form of energy disappears an equivalent amount 
of another form of energy makes its appearance. These results 
arc summarized in a law termed the Laiv of the Conservation of 
Energy^ which may be expressed as follows : The energy of an 
isolated system is constant, i.e., it cannot be altered in amount 
by inieraetions between the parts of the system. The proof of 
this law lies in the experimental impossibility of perpetual 
motion — it has been found impossible to construct a machine 
which will perform work w’ithout the expenditure of energy’ of 
some kind. 

In dealing with chemical changes, it has been found con- 
venient to employ the term chemical energy, and when two 
substances combine with liberation of heat, we say that chemical 
energy has been transformed to heat. To make this clear, we 
will consider a concrete case, the burning of carbon in oxygen 
with formation of carbon dioxide, a reaction which, as is well 
known, is attended with the liberation of a considerable amount 
of heat. The reaction can be carried out under such conditions 
that the heat given out when a definite weight of carbon com- 
bines with oxygen can be measured, and it has been found that 
when 12 grams of carbon and 32 grams of oxygen unite, 94,300 
calories are liberated. This result may conveniently be repre- 
sented by the equation 

C 4- O2 = CO, -}- 94,300 cal. 

in which the symbols represent the atomic weights of the 
reacting elements in grams. The above equation is an illus- 
tration of the conversion of chemical energy into heat — 12 
grams of free carbon and 32 grams of free oxygen possess 
94,300 cal. more energy than the 44 grams of carbon dioxide 
formed by their union. From these and similar considerations 
;it follows that the free elements must have much intrinsic 
cnergj'', but the absolute amount of this energy in any par- 
; ticular case is quite unknown. Fortunately, this is a matter 
of secondary importance, as chemical changes do not depend 
on tlic absolute amounts of energy, but only ion the differences 
of energ>' of the reacting systems. 
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So far, we have implicitly assumed that the increase or de- 
crease of internal energy when a system A changes to a system 
B is measured by the heat absorbed or given out during the 
reactions; but this is not necessariW the case. In particular, 
external work may be done during the change, by which part of 
the energy is used up, or heat may^e produced at the expense 
of external work {cf. p. 34). If the total diminution of internal 
energy in the change A-»B is represented by U, the heat given 
out by — q, and the external work done by the reacting sub- 
stances during the transformation by A, we have, by the prin- 
ciple of the conservation of energy, 

U = A - 

When no external work is done the total diminution of energy, 
U, is numerically equal to Q, the heat evolved in the reaction. 
The factor A is only of importance when gases are involved in 
the chemical change. 

Hess’s Law— It is an experimental fact that when the same 
chemical change takes place between definite amounts of two 
substances under the same conditions the same amount of heat 
is always given out provided that the final product or products 
are the same in each case Thus when 12 grams of carbon 
combine with 32 grams of oxygen with formation of carbon 
dioxide, 94,300 cal. are always liberated, quite independently of 
the rate of wmbustion or of the nature of the intermediate pro- 
ducts." This law was first established experimentally by Hess in 
1840, and may be illustrated by the conversion, by two different 
methods, of a system consisting of i mol of ammonia and of 
hydrochloric acid respectively and a large amount of water, each 
taken separately, into a system consisting of i mol of ammonium 
chloride in a large excess of water. By the first method we 
measure (a) the heat change when i mol of gaseous ammonia 
and 1 mol of gaseous HCl combine, (i) the heat change when 
the solid ammonium chloride is dissolved in a large excess of 
water; by the second method we measure the heat changes 
when (r) 1 mol of ammonia, (d) 1 mol of hydrochloric acid are 
dissolved separately in excess of water, and (e) when the two 
solutions are mixed. The results obtained were as follows:- 
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First Way 

(а) NHj gas HCl gas = 42,100 cal. 

(б) NHjCl + aq = - 3,900 cal. 


38,200 cal. 

Second Way 

(c) NH, gas + aq = + 8,400 cal. 

(d) HCl gas + aq = + 17,300 cal. 

(c) HCl aq + NHjaq = + 12,300 cal. 

38,000 cal. 

As will be seen, rt + i = c + rf-I-e within the limits of ex- 
perimental error. 

It can easily be shown that Hess’s law follows at once from 
the principle of conservation of energy. 

This law is of the greatest importance for the indirect deter- 
mination of the heat changes involved in certain reaction: 
which cannot be carried out directly-- For example, we cannol 
determine directly the heat given out when carbon combine; 
with oxygen to form carbon monoxide. The heat given oul 
when 12 grams of carbon burn to carbon dioxide is 94,30c 
cal., which is, by Hess's law, equal to that produced when tin 
same amount of carbon is burned to monoxide and the lattei 
then converted to dioxide. The fatter change gives out 68,ioc 
cal., and the reaction C + 0 — CO must therefore be associatec 
with the liberation of 94,300 — 68,100 — 26,200 cal. 

Efipresentation of TTicrmochemical Measurements. Heat o' 
Formation. Heat of Solution — As has already been pointed 
out, the results of thermochemical measurements may be con- 
veniently represented by making the ordinary chemical equatior 
into an energy equation, for example 

C-i- 0 .;~ CO, -E 94,300 cal. 

Sometimes, if the final condition of the system is assumed tc 
be known, the shorter form 

C, Oj, == 94,300 cal 


may be used. 
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WhfQ, as is frequently the case, the reacting substances are 
used in aqueous solution, this ts indicated by adding aq to the 
formula in question. Thus the neutralization of dilute hydro- 
chloric acid by sodium hydroxide is represented as follows : — 
NaOH aq + HCI aq = NaCl aq - 4 - 13,700 cal. ' 

The heal of formation of a compound ts the heal given out 
when a mol of the compound is formed from its component ele- 
ments. Thus the heat of formation of carbon dioxide (at 
constant volume) is 94,300 cal. The above energy equations, 
eg., that representing the formation of carbon dioxide, are, 
however, not complete, inasmuch as we do not know the in- 
trinsic energy associated with free carbon and oxygen re- 
spectively, nor do we know the differences of energy between 
the various elements, as they arc not mutually convertible by 
any known means. We may therefore choose any arbitrary 
Values for the intrinsic energies of the elements, and it has 
been found most convenient to put them all equal to zero. 
On this basis the intrinsic energy of carbon dioxide, being 
94,300 cal. less than the sum of the intrinsic energies of the 
component elements, is — 94.300 cal , and, in general, the in- 
trinsic energy of a compound 1$ numerically equal to its heat 
of formation, but with the sign reversed. 

When the heats of formation of all the substances taking 
part in a reaction are known, the heat set free in the reaction 
can be calculated. O ne method of doing so is to apply th e 
law th at the heat of react ion is e qual to the sum of _the_h eats^ 
of lormation .ol^h e sub^ances lormed minus the sum of th e 
heatsJ 3 f-fQrmatioiLflLtbc_su bstances used up . This law follows 
at once if we imagine the reacting substances first decomposed 
into their elements and these elements then combined to form 
the final products. In the first stage there would be absorbed 
an amount of heat equal to the sum of the heats of formation 
of the reacting substances, and in the second stage an amount 
of heat would be given out equal to the sum of the heats of 
formation of the products. 

An aktmattve method, the basis of which well be endent ott 
a little consideration, is to write an energy equation in which 
the formulae of the various compounds are replaced by their 
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intrinsic energies (the respective heats of formation with the 
signs reversed). As an example of the method, ve may cal- 
culate the heat of reaction, x, when copper is displaced from 
copper sulphate in dilute solution by metallic zinc. The heat 
of formation of copper sulphate (from its elements) in dilute 
solution is 198,400 cal. and of zinc sulphate under the same 
conditions 248,500 cal. The energy' equation for the chemical 
change is therefore 

Zn H- CuSO^ aq = Cu + ZnS04 aq 
0 -f { — 198,400) = o + (— 248,500) -f X cal. 

whence x, the total heat liberated in the reaction, is 248,500 — 
198,400 = 50,100 cal. 

In the same way an unknown heat of formation can be cal- 
culated when all the other heats of formation and the heat of 
reaction are known — a method which, as shown in the last 
section, is particularly useful for obtaining the heats of forma- 
tion of substances such as carbon monoxide and methane, 
which cannot bo determined directly. As an example, the 
heat of formation of methane will be calculated. The heat 
given out when l mol of this compound is burned completely 
in oxj’gcn is 213,800 cal, and the heat of formation of the 
products, carbon dioxide and water, are 94,300 and 68,300 
cal. respectively. Representing the heat of formation of 
methane by x, its intrinsic energy therefore by — x, we h.ivc 
the equation 

CH, + 20j = CO, + 2H„0 

— A- -f 0 =— 94,300 + {—2 X 68,300) + 213,800 cal. 
Whence x — 17,100 cal. 

A compound such as methane, which is. formed with libera- 
tion of heat, is termed an exothermic compound, whilst one 
which is formed with absorption of heat is termed an endo- 
thermic compound. 

The majority of stable compounds are exothermic. Among 
the best-known endothermic compounds are carbon disulphide, 
hydriodic acid, acetylene, cyanogen, and ozone. It is not 
always easy to determine directly whether a compound is 
exothermic or endothermic, but this may be done indirectly 
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by carrying out a chemical change with the compound itself 
and with the components separately and comparing the heat 
changes in the two cases. TTie method may be illustrated by 
reference to carbon disulphide. When burnt completely in 
oxygen, the gaseous compound gives out 265,100 cal. accord- 
ing to the equation 

CSj 4- 30j sa CO, -f- 2SO, 265,100 cal. 

Hence, representing the intrinsic energy of the compound by 
— X, we have, for the energy equation, 

— x + o*= + {— 94,300) + (— 2 X 71,000) 4- 265,100. 

and — ar » 4" 28,800 cal. The intrinsic energy of carbon disul- 
phide is therefore 28,800 cal. ; that is, the compound has 28,800 
cal. more energy than the elements from which it is formed. 

The keal of solution is the quantity of heat given out or 
absorbed by the solution of a mol of the substance in so much 
of the solvent that no further heat change is observed when 
more of the solvent is added The heat of solution as thus 
defined is usually different from the he.at change observed 
when a mol of substance is dissolved in sufficient solvent to 
form a saturated solution, and the two quantities may even be 
of opposite sign. Thus the heat of solution of cupric chloride 
dihydrate, CuCl,, 2H,0, is positive m dilute and negative in 
very concentrated solution It is the heat of solution in nearly 
saturated solution which is of importance in predicting the 
effect of temperature on the solubility in accordance with 
Le Chatelier's theorem (p. 176). 

It has already been mentioned (p. 145) that the heat given 
out in a chemical change differs according to whether changes 
of volume occur with the consequent performance of internal 
work by or on the system. When only solids and liquids are 
concerned, no appreciable changes of volume occur and the 
internal work is negligible. When gases are concerned, how- 
ever, the heat change at constant volume, when no internal 
work is done, may differ considerably from that at constant 
pressure. 

As already pointed out (p, 34) when a mol of gas is r'^rated 
at the absolute temperature, T, work is done by the ' ^nd 
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intrinsic energies (the respective heats of formation with tlie 
signs reversed). As an example of the method, we may cal- 
culate the heat of reaction, x, when copper is displaced from 
copper sulphate in dilute solution by metallic zinc. The heat 
of formation of copper sulphate (from its elements) in dilute 
solution is 198,400 cal. and of zinc sulphate under the same 
conditions 248,500 cal. The energy equation for the chemical 
change is therefore 

Zn -f CuSO^ aq = Cu -{- ZnSO^ aq 
0 + ( — 198,400) = 0 + (— 248,500) + X cal. 

whence x, the total heat liberated in the reaction, is 248,500 — 
198,400 = 50,100 cal. 

In the same way an unknown heat of formation can be cal- 
culated when all the other heats of formation and the heat of 
reaction are known — a method which, as shown in the last 
section, is particularly useful for obtaining the heats of forma- 
tion of substances such as carbon monoxide and methane, 
which cannot be determined directly. As an example, the 
heat of formation of methane will be calculated. The heat 
given out when I mol of this compound is burned completely 
in oxygen is 213,800 cal., and the heat of formation of the 
products, carbon dioxide and water, are 94,300 and 68,300 
cal. respectively. Representing the heat of formation of 
methane by x, its intrinsic energy therefore by — x, we have 
the equation 

CH^ -f- 2O2 ~ COj -f- 2 H «0 

— at -b 0 =— 94,300 + (— 2 X 68,300) -b 213,800 cal. 
Whence x — 17,100 cal. 

A compound such as methane, w’hich is formed with libera- 
tion of heat, is termed an exothermic compound, whilst one 
which is formed with absorption of heat is termed an endo- 
thermic compound. 

The majority of stable compounds are exothermic. Among 
the best-known endothermic compounds are carbon disulphide, 
hydriodic acid, acetylene, cyanogen, and ozone. It is not 
always easy to determine directly whether a compound is 
exothermic or endothermic, but this may be done indirectly 
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by carrying out a chemical change with the compound itself 
and with the components separately and comparing the heat 
changes in the two cases. “Ilie method may be illustrated by 
reference to carbon disulphide. When burnt completely in 
oxygen, the gaseous compound pves out 265,100 cal. accord- 
ing to the equation 

CS. 4- 3O2 = CO, -f 2SO, 4- 265,100 cal. 

Hence, representing the intrinsic energy of the compound by 
— *, we have, for the enei^ equation, 

_ * 4- o « 4. {— 94,300) 4- (— 2 X 7ii«x)) + 265,100, 

and — X = 4- 28,800 cal. The intrinsic energy of carbon disul- 
phide is therefore 28,800 cal ; that is, the compound has 28,800 
cal. more energy than the elements from which it is formed. 

The htat of solution is the quantity of heat given out or 
absorbed by the solution of a mol of the substance in so much 
of the solvent that no further heat change is observed when 
more of the solvent is added The heat of solution as thus 
defined is usually different from the heat change observed 
when a mol of substance is dissolved in sufBcient solvent to 
form a saturated solution, and the two quantities may even be 
of opposite sign. Thus the heat of solution of cupric chloride 
dihydrate, CuCl,, 2H,0, is positive m dilute and negative in 
very concentrated solution. It is the heat of solution in nearly 
saturated solution which is of importance in predicting the 
effect of temperature on the solubility in accordance with 
Le Chatelier’s theorem (p. 176). 

It has already been mentioned (p 145) that the heat given 
out in a chemical change differs according to whether changes 
of volume occur with the consequent performance of internal 
work by or on the system. When only sohds and liquids are 
concerned, no appreciable changes of volume occur and the 
internal work is negligible. When gases are concerned, how- 
ever, the heat change at constant volume, when no internal 
work is done, may differ considerably from that at constant 
pressure. 

As already pointed out (p. 34) when a mol of gas is generated 
at the absolute temperature, T, work is done by the system and 
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RT calorics is absorbed ; when, on ihc otiicr hand, a mol of 
f;a‘; disappears RT calorics is p,ivcn out. A little consideration 
will show that if Qy is the iieat of reaction in calorics at constant 
volume (wJicn no c.'rlcrnal work is done) .and Qp tlic heal of 
reaction at constant pressure (when external work may be 
done) lltc relationship between Qv and Qp is piven by the formula 

Qp-Qv-I- («,-«=)KT 

where ti] and represent the number of inols of gas in tlic 
initial and final stajjes of the reaction respectively. 

For example, the reaction 2II5 d' -»■ slljO (liquid) pives 
: X 68,.|00 calories at constant jircssurc and tliercforc tlic heat 
of reaction at constant volume at 17” is pjven by the equation 

68,.t00t -: Q,d' li X 580, and Qv 67)S.iO c.al. 
for 18 prams of water. 

The heats of formation at constant volume of some important 
compounds arc piven in the accompanyinp table. The state- 
ments in brackets refer either to the st.alc of the reacting raib- 
stances or of the product ; — 


fsu'* <Uncf, 

HfJt of rorm»i|o» 
(U.tl. rica). 

H,0(liquUt) 

•I- tir.sjo 

Co, (liiamoii(l) , . , . 

0.),300 

CO (itiniminit) .... 

H- s(i,Ooo 

SOj (rtiomtiic sutiiluit) 

•I- 7t,oSo 

HV (I’rtscous (luoHnr) 

-t- jK.fioo 

JlCl (|;nseou« rlilminel 

-(• J3 000 

HUr (liiiuld liroiiiinr) . , . 

•I- 8,400 

Ill («otiil ioUlnc) .... 

— 6,100 

NU 

-t- 1 3,000 

NO 

— 3 1 ,600 

KCf 

— 7,700 

•1- loSiOoo 

Kltr 

95 - 3 f>'’ 


Heat ol Combustion — Wiiilsl a prcal many inorpanic re- 
actions are suitable for tbcrmochcmical measurements, this is 
not in penera! the ease for orp.mic reactions ; in fact, tlie only 
reaction which is larpcly used for the purpose is combustion in 
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oxygen to carbon dioxide and water. The heat given out 
when a mol of a substance is completely burned in excess 
of oxygert is termed the heat of ccon&«sh’on, and from this, 
by application of Hess’s law, the heats of formation can be cal- 
CMUttd, as has been done fw methane and carbon disulphide, 
in the preceding section. Further, the heat given out in a 
chemical change can readily be calculated by Hess’s law when 
the heats of combustion of the reacting substances arc known— 
it will clearly be equal to the sum of the heats of combustion 
of the substances which disappear less the sum of the heats of 
combustion of the substances formed. As an example, the heat 
of formation of ethyl acetate from ethyl alcohol and acetic acid 
may be calculated. The heat of combustion of ethyl alcohol 
is 34,000 cal, of acetic acid 21,000 cal , and of ethyl acetate 
55,400 cal, whence the heat of fortnatjon of ethyl acetate i5 
34,000 21,000 — 55,400 « — 400 cal. 

Thcnnochenucal Methods— Two principal methods are em- 
ployed in measuring the heat changes associated with chemical 
reactions. If the reaction takes place m solution, the water 
calonmetcr, so largely used for purely physical measurements, 
may be employed. For the determination of heats of com- 
bustion, on the other hand, in which sohds or liquids are burned 
completely in oxygen, special apparatus has been designed by 
Thomsen, Berthelot, Favre, and Silbermann, and others. 

(rs) Reacltans in Sotu(ion~Tht change (chemical reaction, 
dilution or dissolution), the thermal effect of which is to be 
measured, is brought about in 3 test-tube deeply immersed in 
a large quantity of water, and the nse of temperature of the 
water is measured with a sensitive thermometer. MTien the 
weight of the water and the heat capacity of the calonmcjer 
are known, the heat given out in the reaction can readily be 
calculated. Allowance must, of course, be made for the teat 
capacity of the solution in the test-tube. 

A simple modification of Bcrthelol’s calorimeter, usei bv 
Nernst, is shown in Fig 23. It consists of two glass braiTn, 
the inner one being supported on corks, as shewn, srii ceirV 
filled with water. Through the wooden cover. X c: thr .-'r.'sr 
beaker pass a thin-walied test-tube. A, ta *-h.»;i the rrajcri 
takes place, an accurate thermiKnetef, B. ard 5 ssrrer, C cf 
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brass, or, better, of platinum. The water in the calorimeter 
is stirred during the reaction, which must be rapid, and the 
heat of reaction can then be calculated in the usual way when 
the weight of water in the calorimeter and the rise of tem- 
perature arc known. Experiments on neutralization and on 

heat of solution arc conveniently 



made in the inner beaker, the 
solution itself serving as calori- 
metric liquid. For dilute aque- 
ous solutions, it is sufiicicntly 
accurate to assume that the 
heat capacity of the solution is 
the same as that of water. 

The chief source of error in 
the measurements is the loss 
of heat by radiation, which is 
minimized (fl) by choosing for 
investigation reactions which arc 
complete in a comparatively 
short time; (fe) by making the 
heat capacity of the calorimeter 
system large. It is of advantage 
so to arrange matters that the 
temperature of the calorimeter 
liquid is 1-2® below the atmos- 
pheric temperature before the 
reaction, and 1-2° above it after 
the reaction. 

[b) Combustion in Oxygeti — 
This may conveniently be carried 
out in Bcrthelot's calorimetric 


bomb, a vessel of steel, lined %vith platinum and provided with 
an air-tight lid. The substance for combustion is placed in the 
bomb, which is filled with oxygen at 20-25 atmospheres' pres- 
sure. The whole apparatus is then sunk in the water of the 
calorimeter, and the combustion initiated by heating electrically 
a small piece of iron wire placed in contact with the solid. 

Results of Thcrmochemical Measurements. — Some of the more 
important results of thcrmochemical measurements have already 


THERMOCHEMISTRY 


153 


been incidentally referred to in the preceding paragraphs. In 
stating the results of thermochemical measurements, the con- 
dition of the substances taking part in the reaction must always 
be clearly stated This applies not only to the physical state, 
in connection with which allowance must be made for heat of 
vaporization, heat of fusion, etc., but also to the different 
allotropic modifications of the solid. Thus monoclinic sulphur 
has 2300 cal more internal energy than rhombic sulphur, and 
yellow phosphorus 27,3CX) cal. more than the red modification. 

The correction for change of state is often very great. For 
the transformation of water to steam at lOO”, it amounts to 
about 537 X 18 = 9566 calorics per mol. If, instead of the 
heat of formation of liquid water, which is 68,300 cal., the 
heat of formation of water vapour is required, it is 68,300 — 
9570= 58,730 cal. in round numbers. 

As regards the thermochemistry of salt solutions, one or two 
experimental results may be mentioned which will find an 
interpretation later. When dilute solutions of two salts, such 
as potassium nitrate and sodium chloride, are mixed, heat is 
neither given out nor absorbed This important result is 
termed the Law of thermoneutrahty of salt solutions (p. 284). 
Further, when a mol of any strong monobasic acid is neutralized 
by a strong base, the same amount of heat, 13,700 cal., is 
always liberated (p 289) 

The heat of formation of salts in dilute aqueous solution is 
obtained by the addition of two factors, one pertaining to the 
positive, the other to the negative part of the molecule ; in 
other words, the heat of formation of salts in dilute solution 
is a distinctly additive property. The same is true to some 
extent for the heat of combustion of organic compounds. For 
example, the difference in the heat of combustion of methane 
and ethane is I58,5CX3 cal., and in general, for every increase 
of CHj, the heat of combustion increases by about 158,000 cal. 
From these and similar results, we can deduce the general rule 
that equal differences in composition correspond to approxi- 
mately equal differences in the heat of combustion We may go 
further, and obtain definite values for the heat of combustion 
of a carbon atom and a hydrogen atom as has already been 
done for atomic volumes ; the molecular heat of combustion 
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brass, or, better, of platinum. The vrater in the calorimeter 
is stirred during the reaction, which must be rapid, and the 
heat of reaction can then be calculated in the usual way when 


the wciglit of water in the calorimeter and the rise of tem- 
perature are known. Experiments on neutralization and on 

heat of solution are conveniently 



made in the inner beaker, the 
solution itself serving as calori- 
metric liquid. For dilute aque- 
ous solutions, it is sufficiently 
accurate to assume that the 
heat capacity of the solution is 
the same as that of water. 

The chief source of error in 
the measurements is the loss 
of heat by radiation, which is 
minimized (a) by choosing for 
investigation reactions which arc 
complete in a comparatively 
short time; (6) by making the 
heat capacity of the calorimeter 
system large. It is of advantage 
so to arrange matters that the 
temperature of the calorimeter 
liquid is 1-2® below the atmos- 
pheric temperature before the 
reaction, and 1-2° above it after 
the reaction. 

(i) Combttslion in Oxygen — 
This may conveniently be carried 
out in Berthelot’s calorimetric 


bomb, a vessel of steel, lined with platinum and provided with 
an air-tight lid. The substance for combustion is placed in the 
bomb, which is filled with oxygen at 20-25 atmospheres' pres- 
sure. The whole apparatus is then sunk in the water of the 
calorimeter, and the combustion initiated by heating electrically 
a small piece of iron wire placed in contact with the solid. 

ResnKs of Themochcmical Measureinents. — Some of the more 
important results of thcrmochcmica! measurements have already 
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been incidentally referred to in the preceding paragraphs. In 
stating the results of thermochemical measurements, the con- 
dition of the substances taking part in the reaction must always 
be clearly stated This applies not only to the physical state, 
in connection with which allowance must be made for heat of 
vaporization, heat of fusion, etc., but also to the different 
allotropic modifications of the solid Thus monoclinic sulphur 
has 2J00 cal. more internal energy than rhombic sulphur, and 
yellow phosphorus 27,300 cal. more than the red modification. 

The correction for change of state is often very great. For 
the transformation of water to steam at 100% it amounts to 
about 537 X 18 = 9566 calories per mol. If, instead of the 
heat of formation of liquid water, which is 68,300 cal., the 
heat of formation of water vapour is required, it is 68,300 — 
9570 = 38,730 cal. in round numbers. 

As regards the thermochemistry of salt solutions, one or two 
experimental results may be mentioned which will find an 
interpretation later. When dilute solutions of two salts, such 
as potassium nitrate and sodium chloride, are mixed, heat is 
neither given out nor absorbed. This important result is 
termed the Law of thermoneutrahty of salt solutions (p. 284). 
Further, when a mol of any strong monobasic acid is neutralized 
by a strong base, the same amount of heat, 13,700 cal., is 
always liberated (p 289) 

The heat of formation of salts in dilute aqueous solution is 
obtained by the addition of two factors, one pertaining to the 
positive, the other to the negative part of the molecule ; in 
other words, the heat of formation of salts in dilute solution 
is a distinctly additive property. The same is true to some 
extent for the heat of combustion of organic compounds. For 
example, the difference in the heat of combustion of methane 
and ethane is 158,500 caL, and in general, for every increase 
of CHj, the heat of combustion increases by about 158,000 cal. 
From these and similar results, we can deduce the general rule 
that equal differences in composition correspond to approxi- 
mately equal differences in the heat of combustion. We may go 
further, and obtain definite values for the heat of combustion 
of a carbon atom and a hydrogen atom as has already been 
done for atomic volumes; the molecular heat of combustion 
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is then the sum of tiie heats of combustion of the individual 
atoms. Experience shows that when allowance is made for 
double and triple bindings, the observed and calculated values 
for tlic heats of combustion of hydrocarbons agree fairly well. 

Measurements of Specific Heats— A method of determining 
the specific heat of a gas at constant pressure has already been 
described (p. 51), and reference has been made to Joly’s 
method of measuring specific heats of gases at constant volume. 
The principle of the method is that the gas, 'confined in a metal 
vessel, is raised through a certain range of temperature by 
steam pas.«cd round the outside of the vessel, the heat supplied 
being deduced from the weight of moisture condensed on the 
vessel. 

For determinations at high temperatures the explosion 
method is used. The gas, tlic specific heat of wliich is to be 
obtained, is confined in a closed bomb together with a com- 
bustible gas and oxygen ; the mixture is exploded and the 
maximum pressure in the bomb measured. From this the maxi- 
mum temperature attained can be calculated and hence the 
heat capacity of the gaseous mixture, since the licat of reaction 
is known. One of the main difficulties is to determine the maxi- 
mum pressure accurately, and sensitive manometers for this 
purpose have been devised.’ 

In recent years much attention has been devoted to the 
measurement of the specific heat of solids, especially at low 
temperatures. At temperatures from 0° C. upwards tlic or- 
dinary nictliod of mixtures gives satisfactory rcsult.s, but for 
lov.' temperature measurements special forms of apparatus 
have been devised by Nernst and his co-workers. 

One form is illustrated in Fig. 24. It is based on the method 
of mixtures, a wcll-insulated copper block, KK, in a Dewar 
vessel, D, serving as the calorimeter. Changes of lempcratiirc 
are inc.asurcd by thcrmo-clcmcnls, I, the lower junctions of wliich 
arc inserted in K, the others in the copper cover, C. Tlic whole 
apparatus is covered with thin copper sheeting and immersed 
in a constant tcmpcr.alure bath. The substance to be examined 
is introduced through the tube, RR, and the rise of temperature 


‘ Tier, ZfU:ch. Eltitrt<chnn., 1909, 15 , 537 ; 1910, 10 , S97. 



THERMOCHEMISTRY 


>55 


measured. This method gives the mean specific heat between 
two temperatures fairly wide apart. 

The vacuum calorvntter is based on a different principle and 
enables specific heats to be determined within narrow intervals 
of temperature. The substance itself serves as the calori* 
meter; a measured quantity of electrical energy is supplied 
and the rise of temperature measured The cur- 
rent is conveyed to the substance by a copper or 
platinum wire and the rise of temperature is 
determined from the change in resistance of the 
conducting wire. The apparatus is placed in an 
airtight contamerwhich is immersed in a Dewar 
vessel containing the cooling liquid 

Reference has already been made to Dulong 
and Petit’s law, according to which the atomic 
heat of solid elements is about 6 o Boltzmann 
has shown that in the case of a monatomic 
crystalline solid at moderate temperatures the 
atomic heat, calculated according to the prin- 
ciples of the classical kinetic theory should be 
3 R S’955 calories ; thus affording a theoreti- 
cal basis for Dulong and Petit's law, discovered 
many years before. Certain exceptions to this 
law, however, have long been known (p lo), 
and recent investigations have shown that at 
low temperatures the atomic heat falls much 
below the value 3 R and would appear to be- Fic 24. 
come zero when the absolute zero is reached. 

This may be illustrated by means of the results obtained for 
carbon (diamond) and copper. The measurements were made 
at constant pressure and corrected to constant %’olume The 
data for carbon extend over a wider range of temperature than 
those previously quoted 

Silver. 

T abs. . 35° 43’ S** 77* *73' 535' 

M/t . 1-59 *** 4-07 4 7 * 5 77 5 9 o 

PianioDd ^ 

Tabs. . 30* 83* aos* 262* 331' 35S’ <'3* 

Mrv . 0-000 . o-oo6 00a i 16 1 82 2 07 2 53 
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It is a remarkable fact that the specific heat of the diamond 
is zero at temperatures considerably above the absolute zero. 

Einstein (1907) applied the theory of quanta to the question 
of the specific heat of solids and showed that a rapid diminution 
of the atomic heat at low temperatures was to be anticipated. 
While Einstein's conclusions were confirmed in a qualitative 
way by the experiments of Nernst and his colleagues, there was 
no quantitative agreement, the specific heat falling off with lower- 
ing of temperature less rapidly than the Einstein formula requires. 
Nernst and Debye have suggested more complicated formula: 
which show better agreement between theory and experiment 
than the original Einstein formula, but the problem has not 
been finally solved. 

Relation of Chemical Affinity to Heat of Reaction— Very 
early in the study of chemistry, it becomes evident that chemical 
actions may be divided into two classes : (1) those which under 
the conditions of the experiment arc spontaneous or proceed 
of themselves, once they are started, e.g., the combination of 
carbon and oxygen ; (2) those which only proceed when forced 
by some external agency, e.g., the splitting up of mercuric 
oxide into mercury and oxygen. In this section we arc con- 
cerned only with spontaneous changes. 

The direction in which a chemical change takes place in a 
system depends on the energj' relations of the system. We 
are accustomed to say that the direction of the change is 
determined by the chemical affinity of the reacting substances, 
and it is a matter of the utmost importance to obtain a numeri- 
cal expression for the chemical affinity or driving force in a 
chemical system, the driving force being defined in such a way 
that the chemical change proceeds in the direction in which it 
acts, and comes to a standstill when the driving force is zero. 

Most reactions in which there is a considerable transformation 
of chemical energy,', and therefore a considerable development 
of other forms of energy, such as heat or electrical energy, 
proceed very rapidly (for e.xamplc, the combination of hydrogen 
and chlorine), whilst reactions in W'hich less chemical energy is 
transformed are usually much less vigorous (for example, the 
combination of hydrogen and iodine). It seems, therefore, at 
first sight plausible to measure the chemical affinity in a system 



THERiJOCHEMISTRY I 57 

by the amount of heat liberated in the reaction (Thomsen, 
Bertbclot). As, however, chemical affinity has been defined as 
acting in the direction in which spontaneous chemical change 
takes place, it would follow that only reactions in which heat 
is given out can take place spontaneously. This deduction is 
contrary to experience. Water can spontaneously pass into 
vapour, although in the process heat "is absorbed, and many 
salts, such as ammonium chloride, dissolve in water with 
absorption of heat. It is clear, therefore, that chemical affinity, 
as above defined, cannot be measured by the total heat hberated 
in the reaction. 

The importance for technical purposes of such a reaction as 
the burning of coal in oxygen is not so much the total heat 
obtainable by the change as the amount of work which the 
change may be made to perform. In a similar way, it has been 
found eenvenieni to measure ike (hemual affinity of a system by 
(fie maximutn amount «/ external work vhieh, under suilailt 
conditions, the reaction may be made to perform. This is a 
special case of a very comprehensive natural law, which may 
be expressed as follows All spontaneous reactions (in the 
widest sense, including neutralization of electrical charges, 
falling of liquids to a lower level, etc ) can be made to per* 
form work, and all reactions which can be made to perform 
work are spontaneous, i e , can proceed of themselves without 
the application of external forces The available energy of a 
chemical reaction, that is, that part of the total energy which 
at constant temperature and under suitable conditions can 
be made to perform an equivalent of work, has been termed 
“ free energy ’’ by Helmholtz. The chemical affinity or drivin'^ 
force of a reaction is not proportional to the total change of 
energy, but to the change lo the available or free ener^. 

The total energy, U, of a chemical change can be obtained 
in the form of heat by carrying out the reaction under such 
conditions that no external work is done (p. 145) We have 
now to consider what is the connection between the total 
decrease of energy, U, and the decrease of available or free 
energy, which may be termed A. This question is closely con- 
nected with the conditions under which heat can be continu- 
ously transformed into work. We have to find an expression 
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for lltc work performed in n cycle in which the 

iicat is taken in at the temperature, T, and given out at the 
slightly lower temperature, T — rfT. TIic principle to be used for 
this purpose is that employed in the theory of the steam engine, 
but it has universal applicability. According to this, the maxi- 
mum work, dh, obtainable from a given quantity of iicat, Q, is 
given by 

<fA--(/^' . . . . (I) 

Equation (i) is the mathematical expression of the second law 
of thermodynamics. 

The first law of thermodynamics may be expressed in the 
form (p. 145) 

U = A-Q . , , . (2) 

in which A represents the external work done when the total 
diminution of energy is U and the heat given out is — - Q, Now 
dA, in equation (t), is the dificrcncc of the maximum amounts 
of work obtainable in isothermal processes at the temperatures 
T and T — rfT ; thus A has the same significance here as in 
equation (2). We may therefore obtain an expression in whieh 
q docs not occur by substituting forQ in equation (l) its value 
A — U, from equation (2). We thus obtain 

A-U=-T^. ... (3) 

in which U represents the total change of energy in the re- 
action, A represents the free energy or chemical affinity, and 
<fA/ifr the rate of change of the free energy with tempera- 
ture. Equation (3) is the fundamental equation for isothermal 
chemical changes, that is, for chemical changes which take 
place at constant temperature. The equation shows that the 
change in the free energy differs from the change in the total 
energy by an amount Q = — T(<fA/(fr), and that the two 
quantities can only be identical when the right-hand side of 
the equation is zero. Q — 'l'{dA[irT) is sometimes termed 
the lahmt heat of the reaction. 

As tlie above equation has been derived from the second 
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law of thermodynamics, it follo^^ that the free energy can be 
determined only for reaclions which can be made completely 
reversible. By complete reversibility we mean that if a system 
in changing from the state A to B, performs an amount of 
work, X, it can be restored to the condition, A, by the expendi* 
ture of the same amount of work Reactions such as the dis* 
sociation of calcium carbonate in a closed space by heat are 
reversible {p 184), but a reaction in which gases escape from 
the system, as when zinc is dissolved in acid, is, of course, 
not reversible. Many reactions which are not reversible under 
ordinary conditions can be carried out reversibly in galvanic 
elements (for example, the displacement of copper from solu- 
tion by zinc in the Daniell element), and therefore measure- 
ments of electromotive force arc largely used for determinations 
of the free energy in a system As will be shown later (p. 353), 
when a chemical reaction takes place reversibly m a galvanic 
cell, the electromotive force of the cell is proportional to the 
free energy of the reaction 

It is beyond the scope of this book to discuss fully the many 
deductions which may be made from equation (3}, and only 
one important consequence mil be mentioned At thb absolute 
zero (T e 0) the right-hand side of the equation becomes zero, 
and therefore the total change of energy, U (which is equal 
to the heat of reaction, Q, when no external work is done), 
is equal to the change in the free energy, A. In other words, 
at the absolute zero, all reactions would proceed in the direction 
in which heat is given out, and the heat evolved would then 
be a measure of the chemical affinity. As the absolute zero is 
at present unattainable, this statement by itself is of no practical 
importance, but the form of equation (3) indicates that at 
temperatures not very far from the absolute zero, U and A 
may often not be greatly differenL As ordinary temperatures 
are relatively not very far from the absolute zero, we can now 
understand, from the approximation m the values of U and A, 
why so many chemical reactions proceed of themselves in the 
direction in which heat is given out (c/ p. 143). 

Although the dissolving of some salts in water is attended 
w ith absorption of heat, it can be shown that the free energy has 
diminished, and the same is true of the vaporization of "’iter. 
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in these extreme eases, not only arc A and U of vcr>' different 
numerical value, but they even have opposite signs. 

Practical Ulnstrations— As already mentioned, the heat 
evolved in certain chemical reactions can conveniently be 
measured by causing tlie reaction to proceed in the glass tube, 
A, Fig. 24, and obtaining the heat of the reaction from the rise 
in temperature of the water. This form of apparatus is, how- 
ever, more useful for measuring heats of dilution and of solution. 
If, for example, we wish to determine the heat of solution of 
potassium chloride, a known weight of water is placed in the 
inner beaker, a known weight of salt in the tube, A, and when 
the salt may be expected to be at the same temperature as 
the water, the glass tube is broken with a glass rod, Uie salt 
dissolved in the water by stirring, and the change of temperature 
read off on the thermometer. 

For reactions in dilute solution, the tube A may be dispensed 
with, and the outer beaker supported on corks in a third beaker 
so as to minimize the loss of heat by radiation. In this apparatus 
the heat of neutralization of a dilute acid (half normal hydro- 
chloric acid) by an equal volume of dilute alkali (sodium 
hydroxide) may be determined. { litre of the hydrochloric 
acid is placed in the inner bc.akcr, at a temperature 2° to 3° 
below that of the atmosphere, J litre of N/2 sodium hydroxide, 
of known temperature, is rapidly poured into the acid with 
constant stirring. The highest temperature attained is noted. 
If the solutions arc at the s.\mc temperature before mixing, the 
rise of temperature will be about corresponding with the 
fact that the heat of ncutraliz.ation of 1 mol of sodium hydroxide 
by hydrochloric acid is 13,700 cal. (p. 153). Measurements of 
heat of neutralization, heat of dilution, etc., may be made still 
more conveniently with metal calorimeters, as used in physical 
laboratories ; the vessels should be well polished so as to 
minimize the loss of he.at by radiation. 

Measurements should also be made with some form of com- 
bustion calorimeter, if available. 
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EQUILIBRIUM IN HOMOGENEOUS SYSTEMS LAW OF 
MASS ACTION 

General — In the last chapter we have been mainly concerned 
with the heat equivalents of chemical charges We have now 
to deal with chemical transformations, with reference more 
particularly to the dependence of the rate and extent of chemical 
reactions on the conditions 

When a chemical reaction can take place between two sub- 
stances, It IS usual to say that they have a certain “ chemical 
affinity " for each other From very early times the question as 
to the nature of this affinity has been discussed, but up to the 
present with very little success Newton was of opinion that the 
small particles of different kinds attract each other much as tin* 
heavenly bodies do (gravitational attraction), and that the 
attraction falls off very rapidly with the distance Arcunlint' 
to this view, if we have three substances, A. B, and C , and the 
attraction between A and B is greater than th it beta cen A aiul 
C, then B will completely displace C from its coiiibm itum ailli 
A ; in other words, the reaction AC + B -»■ AB -f C will t'c 
complete in the direction indicited by the arrow The-e 
found their expression in the so called affinitv tiMe- drawn i p 
by Stahl, Bergmann, and others, in wJ-nh the elenuntj 
arranged in the order in which they could displ-ici. eten utb'r 
from combination Somewhat later. Berzelius develop' d h 
electrochemical theory, according to whi'-h the attri'-tion? cc 
cerned m chemical changes are electric il in chariri'r, but tl 
theory proved m many respects unsatisfactory Ih' iuip"rtan< 
of the ci>niii/wns, more particularly as ngudi ih' I'lith. 
amounts of the reacting subattmrs md iht iM/ifu; rin:‘, oa 

II i6i 
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llie tlirccUon nncl nmount of chemical ciiangc, only came lo be 
recognized very gradually. 

In recent years, ihe qncstion as to xvhy certain chemical 
changes take place has been relegated lo the background and 
attention has been directed to hott they take place. As mentioned 
in tlic last chapter, it has been found possible in many eases 
lo obtain numerical values for the chemical affinity, without 
troubling about il.s exact nature. When for any reaction the 
chemical affinities of the reacting substances arc known, as well 
as the dependence of the reaction on the conditions, the reaction 
is completely described. 

Law of Mass Action — The importance of the relative amounts 
of the reacting sub.slances for the course of a clicmical change 
was first clearly cstablislicd by Wenzel and by Bcrlliollct. 
The latter pointed out that though under ordinary circum- 
stances sodium carltonalc and calcium cliloridc react almost 
completely according to the equation 

NaXOs + CaCL -a. sNaCl -f CaCOa, 

yet the sodium carbonate found on tlic shores of certain lakes 
in Egypt is produced according to the equation 

zNaCl - 1 - CaCO, -> Na.COs + CaCU. 

the convcr.se of llic first equation. In the latter case, the sodium 
chloride i.s present in solution in such large excess that the re- 
action proceeds in the direction indic.alcd by the arrow, so that, 
according lo Bcrthollcl, an excess in quantity can compensate 
for a weakness in specific afimity. 

An important step forward was made in this subject by 
Bcrllielot and Pean dc St. Gillcs in 1862, in the course of an 
invcslig.-ition on the formation of c.stors from acids and alcohol. 
For acetic acid and ethyl alcohol, the reaction may be repre- 
sented by the equation 

CjHjOII + CH3COOH Ti CHaCOOCsHs d- ILO. 

If one .start.s with equivalent amo\mts of acid and alcohol, 
the reaction proceeds till about 66 per cent, of the reacting 
sub.stanccs have been used up, and then comes to a standstill. 
Similarly, if equivalent quantities of ethyl acetate and water arc 
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heated, the reaction proceeds in the reverse direction (indicated 
by the lower arrow) until 34 per cent, of the compounds have 
been used up and the mixture finally obtained is of the same 
composition as when acid and alcohol arc the initial substances. 
A reaction of this type is termed a reversible reaction, and the 
facts are conveniently represented by the oppositely-directed 
arrows. 

When, however, for a fixed proportion of acid, varying 
amounts of alcohol are taken, the equilibrium point is greatly 
altered, as is shown in the accompanying table. The first and 
third columns show the proportion of alcohol present for l 
equivalent of acetic acid, and the second and fourth columns 
the proportion of acid per cent, converted to ester. 


Equivalents of 

Ester 

Equivalents of 

Ester 

Alcohol. 

Formed. 

Alcohol. 

Formed. 

0-2 

19-3 

2-0 

82-8 

0-5 

42-0 

4-0 

88-2 

X'O 

66-$ 

12-0 

93-2 

1*5 

?7'9 

500 

1000 


We here measure the amount of chemical action by the extent 
to which the acid is converted into ester, and the table shows 
very clearly the influence of the mass of the alcohol on the 
equilibrium. 

The influence of the relative proportions of the reacting 
substances on chemical action was thus clearly recognized, but 
was not accurately formulated till 1867. fn that year, two Nor- 
wegian investigators, Guldbergand Waage, enunciated the Lao/ 
of mass action, which may provisionally be expressed as follows : 
The amount of chemical action ts proportional to the active mass 
of each of the substances reacting, active mass being defined as 
the molecular concentration of Ike reacting substance. The im- 
portant part of this statement is that the chemical activity of 
a substance is not proportional to the quantity present, but to 
its concentration, or amount in unit volume of the reaction 
mixture. The law applies in the first instance more particularly 
to gases and substances in solution; the active mass 0/ solids 
will be considered later. 
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The " amount of chemical action " exerted by a certain sub- 
stance can be measured (o) from its influence on the equilibrium, 
as in the formation of ethyl acetate, just referred to ; (t) from 
its influence on the rate of a chemical action, such as the inver- 
sion of cane sugar. The law of mass action can therefore be 
deduced from the results of kinetic or equilibrium experiments. 
Conversely, once the law is established, it can be employed both 
for the investigation of rates of reaction and of chemical 
equilibria, and it is the fundamental law in both these branches 
of physical chemistry. 

In the above form, the law of mass action cannot readily be 
applied, and it will therefore be formulated mathematically. 
For purposes of illustration, we choose a reversible reaction 
between two substances in which only one molecule of each 
reacts ; a typical case is the formation of ethyl acetate and 
water from ethyl alcohol and acetic acid, already referred to. 
Calling the molecular concentrations of the reacting substances 
a and b, the rate at which they combine is, according to the law 
of mass action, proportional to a and to b separately, and there- 
fore proportional to their product. We may therefore write for 
the initial velocity of reaction at the time to — 

RalCf^ cc ab or RatCi = kab, 

where k is a constant — an affinity constant — depending only on 
the nature of the substances, the temperature, etc. As the re- 
action proceeds, the active m.asse^ gradually diminish, since the 
original substances arc being used up in producing the new 
subst.ances. If, after an interval of time, /, x equivalents of the 
ester and water have been formed, the rate of the original 
reaction will be 

Rate/ — k{a — x){b — .v}. 

That this must be so is clear when one bears in mind that 
a and b represent molecular concentrations, and that for every 
molecule of ester and of water which arc formed, an equal 
number of molecules of acid and alcohol must be used up. 
We have now to t.akc into account the fact that the substances 
formed react to produce the original substances. At the time t, 
when the concentration of the ester and water is x, the rate 
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of the reverse reaction will be : Ratei *= where is 
another afBnity constant. We then have two reactions pro- 
ceeding in opposite directions, the velocity of the direct reaction 
is continually diminishing owing to diminishing concentration, 
that of the reverse reaction is continually increasing owing to 
increasing concentration of the reacting substances. A point 
must ultimately be reached when the velocity of the direct is 
equal to that of the reverse reaction, and the system will no 
longer change; this is the condition of equilibrium. If the 
particular value of x under these conditions is we have the 
equations 

Rate =“ — x,){b — arj and rate 

and since these are equal 

*(" - »iUt - »i) = *1*)*, 
which may be written 

(a-^,)(fr-ar,) ^ ^ ^ j- . 

k ** 

The facts are made still clearer if we represent the reaction 
as follows, the initial concentrations being represented on the 
upper, and the equilibrium concentrations on the lower line: — 

Commencement a ~ -^b 0 0 

CaHjOH -f CHjCOOH CH,COOC,H, -j- HjO 

Equilibrium a — Xi b — X| Xj 

- It is important to note that, since K*. which is usually termed 
the equilibrium constant, is the ratio of the two velocity con- 
stants, which are independent of the concentration, the above 
equation holds for all concentrations. Hence, if the equilibrium 
constant for any chemical change 13 obtained from one experi- 
ment, the equilibrium conditions can be calculated for any value 
o! the original concentrations. Numerous applications of this 
equation are given in the succeeding paragraphs. 

When more than one molecule equivalent of a compound 
takes part in a chemical change, eath equivalent must be con- 
sidered separately, as far as the law of mass action is concerned. 
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In order to illustrate this statement, we will consider the com' 
bination of hydrogen and iodine to form hydriodic acid. The 
reaction is reversible, and may therefore be represented by the 
equation 

Hj + h T- HI + HI, 


The rate of the inverse reaction — kiCjn, since it is propor- 
tional to tlie concentration of each of the two mois of hydriodic 
acid and therefore to their product. As the velocity of the 
direct reaction = we obtain for the conditions at 

equilibrium the equation 


C?,, k 


K 


C* 


The general equation for a reversible reaction may be written 
in the form 

7I];Aj -p “h • • • "I* • • • 


where 71, molecules of the substance A, react with 77j molecules 
of the substance Aj . . . to form molecules of the substance 
Aj' and molecules of the substance Aj'. The rates of the 
direct and reverse actions arc represented by the equations 

Rate ai„c, = ... and rate . . . 


and in equilibrium ' 
Kc 


r"i( "1 

A , _ *5 ^ . . 

k . . . 

'■ '• Aj • • • 


The above is the strict mathematical form of the law of mass 
action, which in words may be expressed as follows; Al 
equUibrixtm Ihc product of the conccntralioiis on one side, divided 
by the product of the concentrations on the other side, is conslnixl 
at constaxxt tanperature. Thus for the reaction represented by 
the equation cFeClj + SnCl, = SnCl, -4- cFcCij 

tr _ ^FeCi, UsnCl, 

iVj — — —i — . 

t-SnCU breClj 

* When the composition of the system is csprcsseiJ in terms of concentra- 
tion (mols per litre), the equilibrium const.-int is written as K, or fimply 
K; wiicn p.irtinl pressures nre used the constant is termed Kp. For the 
relationship between Kj and Kp, see p. 406 
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Strict Prool ol the Law ol Mass Action — ^The law of mass 
action, the meaning of which has been illustrated in the previous 
paragraphs, may be strictly proved by a thermodynamical 
method (van’t Hoff, 1885, ef. p. l8l), or by a molecular-kinetic 
method (van't Hoff, 1877). The latter proof is comparatively 
simple, and depends on the assumption that the rate of chemical 
change is proportional to the number of collisions between the 
reacting molecules, which, in sufficiently dilute solution, will be 
proportional to the respective concentrations. Taking again 
ester formation as an example, the velocity of the direct change 
“ ^C.ieotoi Cjcid and that of the reverse change = 

At equilibrium, the rates will just balance, and therefore 

As before, this equation may be put in the form 

^«ICqhol ^4tld — ^ 

Ce,««T C„«er * 

where the respective concentrations are those under equilibrium 
conditions, and K is the equilibrium constant 
It follows from the assumptions made both in the thermo- 
dynamical and kinetic proofs that the law of mass action holds 
strictly only for very dilute solutions, but the experimental 
results show that it often holds with a fair degree of accuracy 
even for moderately concentrated solutions 
Eqaflibriam in Gaseoas Systems, (a) Decomposition of Ey- 
driodic Acid — A typical example of equilibrium in a gaseous 
system is that between hydrogen, iodine, and hydnodic add, 
investigated by Bodenstein.* The reaction, which is represented 
by the equation H, -}• I* 2HI, is a completely reversible one, 
the concentration at cquiiibnum being the same whether one 
starts with hydrogen and iodine or with hydnodic acid, if the 
conditions otherwise are the same. 

Applying the law of mass action, we get at once 

(1) 

Chi 

as shown in the previous paragraph. 

* Xntsek. phytikat Ciett , 1897, 22 , t. 
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It is clear from the equation that if from one observation the 
respective molecular concentrations of iodine, hydrogen, and 
hydriodic acid arc known, K, the equilibrium constant at the 
temperature in question, can be calculated. 

The question now arises as to how the progress of the reaction 
can be followed, so that it may be known when equilibrium 
is attained. It is further ncccssan,' to find a method of measure* 
ment such that the equilibrium does not alter while the obser- 
vations arc being made. In this ease it happens that both the 
direct and inverse reactions arc extremely slow at room tem- 
perature, but are fairly rapid at 445°, the temperature of boiling 
sulphur. If then the mixture is heated for a definite time at 
a high temperature and then cooled rapidly, the respective 
concentrations at high temperatures can be determined at 
leisure by analysis. The reacting substances, in varj'ing pro- 
portions, arc heated at a definite temperature in sealed glass 
tubes for definite periods, and the amount of hydrogen then 
present measured after absorption of the iodine and hydriodic 
acid by means of potassium hydroxide. 

For the present, only results will be considered in which the 
lubes were heated so long at 445' that equilibrium was attained. 
In one experiment, 20'5S mols of hydrogen were heated with 
31-89 mols of iodine, and it was found that the mixture at 
' equilibrium contained :-od mols of hydrogen, 13-40 mols of 
iodine and 36*98 mols of hydriodic acid in the same volume. 


Hence 


1; [Hj)[L) ^ (2-06 X 13-40) 

■{'Hlj’' { 36 -qS)= 


= 0 - 0200 . 


Equation H) could, of course, be tested by finding if'thc 
same value of K is obtained for different initial concentrations 
of the reacting substances, but it is in some respects preferable 
to calculate by mc.ans of the equation the proportion of hydriodic 
acid formed at equilibrium when different initial concentnitions 
of the reacting substances arc taken, and to compare the results 
with tliose actually obscr\'cd. In the calculation, K is taken as 
0-0200 at 445°. 

U I mol of hydrogen is heated with a mols of iodine, and 
7 x mols of hydriodic acid arc formed, 1 — x mols of liydrogcn 
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and a — X mols of iodine will remain behind, 
equation (l), 


{i^x){a~^x) 


K = 0*0200 


Substituting in 

- . (2) 


The first and second columns of the accompanying table contain 
the initial concentrations of hydrogen and iodine respectively, 
and the fourth and fifth columns the observed and calculated 
concentrations of hydriodic acid at equilibrium, the latter 
values being obtained from the expression 

2 x = 1 + ~ V(» + <>}* — 


where s « t — 4K » 0 g>2 
obtained by solving the quadratic equation (2) above. 


H, 

I, 

li/H, . a 

Hi fouDd 

»(c3le) 

20-57 

5*22 

0-254 

JO 22 

10-19 

20-6 

I4'45 

0-702 

25-72 

25-54 

20-55 

3I'89 

I 552 

36-98 

37-13 

20-41 

52-8 

2-538 

3868 

39 01 

20-28 

67*24 

3-3'fi 

39-52 

39-25 


The close agreement between observed and calculated values 
shows that the law of mass action applies m this case. 

It can easily be shown from the fundamental equation that 
in this case the position of equilibrium is independent of the 
pressure or of the volume. Calling a, b, and c the amounts of 
hydrogen, iodine, and hydnodic acid present at equilibrium, the 
concentrations are a/V, bJV, and f/V respectively, where V 
is the volume occupied by the mixture. Substituting in the 
general equation, we obtain ai/c* =» K ; in other words, K is 
independent of the volume. Bodenstein found that this re- 
quirement of the theory was also satisfactorily fulfilled. 

Equilibriuia in Gaseous Systems. (6) Dissociation o! Phos- 
phorus Fentachlonde — Another instructive example of equi- 
librium in 3 gaseous system is that between phosphorus 
pentachloride and its products of decomposition, represented 
by the equation PCI, + CLji PCI.. A decomposition of this 
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type, in which a chemical compound yields one or more pro- 
ducts, is termed dissodalion, and tlic student will have met 
with many examples of dissociation in his earlier work. As 
before, on applying the law of mass action, we obtain 

Crci,Q:i, „ 

Cpcta 

If we commence with i molecule of PCIj, and x molecules 
each of PClj and CL arc formed, the concentrations of PClj. 
PCI3 and CI5 at equilibrium arc (l — re- 

spectively, and, substituting in the above equation, 


X- 


- K,. 


(1 - A)V 

It will be obsen’cd that the equilibrium in this ease depends 
on the volume, and the larger the volume the smaller is (l — x) 
— in other words, the greater is the dissociation. 

When, as in the case of phosphorus pcntachloride, one mole- 
cule of a gas yields n molecules on dissociation the relationship 
between density and degree of dissociation, x, at constant 
pressure is as follows : If rf, is the density and the volume 
of the undissociated gas, d, the density and tv the volume of 
the partly dissociated gas (in which the number of molecules 
(l — AT 4 - >;a) = i -f x[i: — l) we have 

— _* = _r whence x = — 1 e- 

1 -t- a(« — I) f. d, (h — Hdj 

When the total pressure, P, varies, the equilibrium constant, 
Kj,, when partial pressures arc used instead of concentrations, 
is as follows : When i molecule of the gas given 2 molecules 
on dissociation 




/'ci.Prci, , 
Ppci, 


A-=P 


iPh)’ 

(I - x}l> I - A-S' 
I + .V 


An important point in connection with chemical equilibrium 
in general is the effect of the addition of excess of one of the 
products of decomposition (dissoci.ation) on the degree of 
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decomposition. If, for example, i mol of PCI5 is vaporized in 
a volume V in which b mols of PCI, are already present, and if 
Xi is the degree of dissociation of the pentachloride under these 
conditions, the relative concentrations of trichloride, penta- 
chloride and chlorine will be b + Xt,i — x,, and x, respec- 
tively. The equilibrium equation is therefore 

(t-rOV 

where has the same numerical value as for the pentachloride 
alone, provided that the volume V and the temperature are the 
same. If it is assumed that the degree of dissociation when 
PCI, is heated alone under the same conditions is not more 
than say 25 per cent., it is clear that the proportion of undis- 
sociated compound cannot be very senously increased by the 
presence of excess of PCI, Hence when b, the initial amount 
of PCI), is made very large, x,, the amount of chlorine present 
at equilibrium must become very small in order that the pro- 
duct K« (a — X() may retain approximately the same value; m 
other words, the dissociation of PCI, must then be very small. 
From these considerations we deduce the following important 
general rule : The degree of dtssoctation of a compound ts 
diminished by addition of excess of one of the products of dis- 
socialton provided that the volume remains constant, 

Eqailibriom in Solutions of Non-EIectroIytes — As an illustra- 
tion of an equilibrium in solution, that between acid, alcohol, 
ester, and water (p. 162) may be considered rather more fully 
For this equilibrium, according to the law of mass action, we 
have 

j^Blcchol 

^olCT Cw,ter 

If at the commencement a, b, and c mols of acid, alcohol and 
water respectively are present in V litres, and under equi- 
librium conditions x mols of water and ester respectively have 
been formed, the respective concentrations are 
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whence, substiluving in ll\c above equation, 

{a — a-)(j» — :c) ^ 
x{c H- x) 


In this ease also, the position of equilibrium is independent of 
the volume. 

The v.iluc of K may be obtained from the observation already 
mentioned, that when acid and alcohol arc taken in equivalent 
proportions, two-thirds is changed to ester and water under 
equilibrium conditions. Hence 




jj X I 
t X S 




This equation may now be employed, as in the ease of hydriodic 
acid, to calculate the equilibrium conditions for varying initial 
concentrations of the reacting substances. As an example, we 
taltc the proportion of I mol of acetic acid converted to ester by 
varying proportions of alcohol, when the initial mixture contains 
neilhet ester nor water. The equation in this ease simplifies to 

-at) , 


whence x S(l ~\- b — ^/b- — b i). The observed and cal- 
culated values of X arc given in the table, and it will be seen 
that the agreement is very satisfactory, although the solution is 
so concentrated th.u it is scarcely to be expected that the law of 


mass action will apply strictly. 

i X (found) .r (c.alc.) 

6 

(found) 

X (cnlc.) 

0-05 

0-05 

0.049 

0-67 

0-519 

0-528 

O'OS 

0-078 

0-078 

1-0 

0-665 

0-667 

0-lS 

0-171 

0-171 

J -5 

0-819 

0-785 

o-:8 

0-226 

0-232 

2-0 

0-858 

0-845 


0-293 

0-311 

2-24 

0-876 

0-864 

O'SO 

0-414 

0-423 

8-0 

0-966 

0-945 


As regards the practical investigation of this equilibrium, the 
reacting substances arc heated in scaled tubes at constant 
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temperature Isay lOO®) till equibbrium is attained, cooled, and 
the contents titrated with dilute alkali, using phenolphthalein as 
indicator. As the concentrations of acid and alcohol before the 
experiment are known and the add concentration after the at- 
tainment of equilibrium is obtained from the results of the 
titration, the proportion of ester formed can readily be calcu- 
lated. 

The equilibrium in salt solutions will be more conveniently 
dealt with at a later stage {Chapter XI) 

Infloence of Tempetatnie and Ptessute on Chemical Equi- 
librium. General — ^The equations for chemical equilibrium 
deduced by means of the law of mass action hold for all tern* 
peratures provided that all the components remain in the 
system ; the only effect of change of temperature is to alter the 
value of the equilibrium constant. The displacement of equi- 
librium is connected with the beat liberated in the chemical 
change by the equation (</ p 182 ) — 


d{log« K )_ 

<fr RT» 


. (I) 


which shows that the rate of change of the logarithm of the 
equilibrium constant with temperature is equal to the heat 
evolved in the complete reaction ‘ divided by twice the square 
of the absolute temperature at which the change takes place. 

Strictly speaking, the above equation holds only for the dis- 
placement of equilibrium due to an infinitely small change of 
temperature, <fT, and must be integrated before it can be applied 
to a concrete case. This can readily be done on the assumption 
that Q remains constant between two temperatures, which 
is in general only approximately true. Integration between the 
absolute temperatures T^ and T, gives on this assumption 



in which Kj and K, are the equilibrium constants at T, and T, 
respectively. Vfhen transformed to ordinary logarithms (by 


‘The negative i,gn i» taken in older that Q may denote the heat evolved 
ia Use ferword reaction (from left to ngbt) 
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dividing by 2'3026) and R is put = I'pQ {P- 34 )) tbc above 
equation is obtained in the more convenient form — 


log; K. — log, Ki = — 


Q 

4 -S 8 i 




In this equation, Q refers only to the heat used in doing in- 
ternal work, and does not include that used in externa! work 
(p. 145). It applies, therefore, in the first instance, only to 
systems in which there is no change of volume, and if there is 
expansion or contraction, the corresponding correction must be 
applied (p. 149). The equation shows that Q may be calculated 
when the equilibrium constants for two near temperatures, Tj 
and T-, arc known. Conversely, when the heat change in a 
chemical reaction and the equilibrium constant for any one 
temperature arc known, the condition of equilibrium at any other 
temperature may be calculated. The equation is particularly 
useful for the indirect determination of the heat of reaction at 


high temperatures (in gas reactions, for example) when the 
direct calorimetric determination is difficult or impossible. 

As an example of the application of the general equation (2), 
the heat of dissociation, Q, for hydrogen sulphide, represented 
by the equation 2Hj 4 - S, zIRS, will be calculated. Ac- 
cording to Preuncr, the equilibrium constant K of the equation 


[H-Sj* 


= K, has the value 2-90 X to"'* at 1220° abs. and 


10*4 X I0“® at 1320® abs. Hence, substituting in equation 
{2), we have 


log ^ 0’4 X Q_ ; (1320 - 1220) 

’“2-90 X io“® 4-581 (1320 X 1220) 


and Q == — 41,000 cal. approximately. 

A specially interesting case is that in which there is no heat 
change when the first system changes to the second. Since in 
this case Q = o, the right-hand side of equation (1) becomes 
zero, and therefore there should be no displacement of equilib- 
rium with temperature. The condition of zero heat of reaction 
is, as has already been pointed out (p. 151), approximately ful- 
filled in ester formation, and in accordance with this, Bcrthelot 
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found that at 10° per cent, of the acid and alcohol change 
to ester and at 220® 66-5 per cent.; the displacement of equi- 
librium with temperature is therefore slight. 

There are certain rules of great importance which show 
qualitatively how the equilibrium is displaced with changes of 
temperature and pressure. If Q is the heat developed when 
the system A changes to the system B, and is positive, then 
with rise of temperature A increases at the expense of B ; con- 
versely, if Q is negative, B increases with rise of temperature 
at the expense of A These statements may be summarized as 
follows: At constant volume increase of temperature favours 
the system formed under heal absorption and conversely. 

As an example, we may take nitrogen peroxide, Nj04 ^ 2N0j, 
for which the change represented by the lower arrow is attended 
with the liberation of a large amount (12,600 cal.) of heat. 
Increase of temperature favours the reaction for which heat is 
absorbed, in this case the reaction represented by the upper 
arrow, so that as the temperature rises N^Oi is split up more 
completely into NO^ molecules. 

Another interesting example is the relationship between 
oxygen and ozone, represent^ by the equation aOj 30* + 
2 X 29,600 cal. The equilibrium for the reaction 20, 3 30 | 
is very near the oxygen side at the ordinary temperature, but 
increase of temperature must displace it in the direction repre- 
sented by the lower arrow, since under these circumstances heat 
is absorbed ; in other words, ozone becomes increasingly stable 
as the temperature rises. The experimental results so far 
obtained are in satisfactory agreement with the theory.^ 

From the above considerations we conclude that endothermic 
compounds, such as ozone, acetylene, and carbon disulphide, 
become increasingly stable as the temperature rises, whilst 
exothermic compounds undergo further dissociation. 

* Compare Fischer and Marx, BeneAU, 1907, 40 , 443 At first sight 
appears to be ia contradiction to the well-Vnown fact that when a 
mixture of oxygen and ozone is heated to ajo” the ozone is practically 
destroyed. It roust be remembered, however, that the mixture contains 
fat too much ozone for e<iuiltbnum, but owing to the low temperature it 
attains its true equilibrium very slowly At 250°, however, the attainment 
of equilibrium is fairly rapid. 
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The same principle applies in connection with the effect of 
change of temperature on solubility {p. 104). 

A similar law can be enunciated for the effect of pressure on 
equilibrium as follows : On increasing the pressure at constant 
temperature the equilibrium is displaced in the direction in which 
the volume diminishes. Taking as an illustration the gaseous 
equilibrium, PClj PCI3 + CL, in which the upper arrow in- 
dicates the direction of increase of volume, the rule indicates 
that increase of pressure will displace the equilibrium to the 
left, whilst decrease of pressure will favour the reverse change. 
As is well known, these deductions are in complete accord with 
the experimental facts. 

For reactions not attended by any appreciable change of 
volume, such as the decomposition of hydriodic acid at high 
temperatures, the equilibrium should not be altered by change 
of volume, a conclusion borne out by experiment (p. 169). 

Le Chatelier’s Theorem — Le Chatelier has pointed out that 
the rules above referred to with regard to the effect of changes 
of temperature and pressure on equilibria arc special cases of 
a much more general law which may be enunciated as follows : 
When one or marc of the factors determining an equilibrium are 
altered, the equilibrium becomes displaced in such a tcay as to 
neutralize, as far as possible, the effect of the change. A little 
consideration will show that this rule affords a satisfactorj’ 
interpretation of all the phenomena just mentioned. 

Relation between Chemical Eqnilibrinm and Temperatnre. 
Nemst’s Views — Although the van’t Hoff equation connecting 
equilibrium and temperature enables us to calculate the position 
of equilibrium at different temperatures when the position of 
equilibrium at one temperature and the heat of reaction arc 
known, it has not until quite recently been possible to calculate 
chemical equilibria from thermal and thcrmochemical data 
alone. Within the last two or three years, the latter problem 
appears to have been to a great extent solved by Nernst.^ The 
fundamental assumption, on the basis of which it has been found 
possible to deduce formula: connecting the equilibrium in a 
system with the thermal data characteristic of the reacting 

' Nemst, Aeplications ef Thermedynamict to Chtmiitry. London, 
Constable, 1907. Annual AepoTtt,Ckemirat Son’fly, 1906, pp. 30 -S 2 . 
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substances, is that the free energy, A, and the total heat of 
reaction, Q, are not only equal at the absolute zero, as already 
pointed out {p 155), but thor values coincide completely in 
the immediate vicinity of that point It is evident that this 
assumption cannot be tested directly, but the fact that the 
formula deduced on this basis have been to a great extent con- 
firmed by experiment ^ goes far to justify it 
There can be no doubt that the results just described con- 
stitute one of the most important advances in physics and 
chemistry of recent years It is beyond the scope of the 
present book to discuss the question more fully, but it may 
be mentioned that the theory not only admits of the calcula- 
tion of equilibria in homogeneous and heterogeneous systems 
from thermal data, but also gives a formula representing the 
variation of vapour pressure with temperature 
Practical Illustrations— The law of mass action may be 
illustrated most conveniently by the action of water on bumuth 
chloride, represented by the equation 

BiCI, + H,0;tBiOCI + jHCi 

Wlien dilute hydrochloric acid is added to a mixture of the 
salt and water, the equilibrium is displaced in the direction 
represented by the lower arrow, and a homogeneous solution is 
obtained If excess of water is added to this solution, the 
equilibrium is displaced in the direction reprcse'itt J b\ the 
upper arrow, and a precipitate of bismuth o<\vhloricJe is lormeJ 
The law may also be illustrated quaJititncK bv the inter 
action of feme chloride and ammonium tiiioc\aOiic to [i-nn 
blood-red ferric thiocyanate* This reaction is ot pirtuuiir 
interest, as it was one of the first re’.er-iblo rcii-tion' 10 be 
systematically investigated (J H IjUd-tono, * Ihe 

equation representing the reaction is as follows — 

FeCI, + 3NH,CNS ^ Fe'CNs), + 3N i 
Solutions of the salts are first prepired, the thic)C\ imte 
solution contains 37 grams of the salt to cl ot wat^r, 

‘ Nernst, /ac nt 

• Lash Miller and KenncJt.y in r Cr-n i . 22, -9^ 

* fhtl Trans Roy Soe , ibSi, >79 
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The same principle applies in. connection with the effect of 
change of temperature on solubility (p. 104). 

A similar law can be enunciated for the effect of pressure on 
equilibrium as follows ; On increasing the pressure at coJistant 
temperature the equilibrium is displaced in the direction in ■which 
the volume diminishes. Taking as an illustration the gaseous 
equilibrium, PClj ^ PCI3 CU, in which the upper arrow in- 
dicates the direction of increase of volume, the rule indicates 
that increase of pressure will displace the equilibrium to the 
left, whilst decrease of pressure will favour the reverse change; 
As is well known, these deductions are in complete accord with 
the experimental facts. 

For reactions not attended by any appreciable change of 
volume, such as the decomposition of hydriodic acid at high 
temperatures, the equilibrium should not be altered by change 
of volume, a conclusion borne out by experiment (p. 169). 

Le Chatelier’s Theorem — ^Lc Chatclicr has pointed out that 
the rules above referred to with regard to the effect of changes 
of temperature and pressure on equilibria are special cases of 
a much more general law which may be enunciated as follows : 
When one or more of the factors dclcrinining an equilibrium are 
altered, the equilibrium becomes displaced in such a way as to 
neutralize, as far as possible, the effect of the change. A little 
consideration will show that this rule affords a satisfactory' 
interpretation of all the phenomena just mentioned. 

Relation between Chemical Equilibrium and Temperature. 
Nemst’s Views — Although the van’t Hoff equation connecting 
equilibrium and temperature enables us to calculate the position 
of equilibrium at different temperatures w’hen the position of 
equilibrium at one temperature and the heat of reaction arc 
known, it has not until quite recently been possible to calculate 
chemical equilibria from thermal and thcrmochcmical data 
alone. Within the last two or three years, the latter problem 
appears to have been to a great extent solved by Nernst,^ The 
fundamental assumption, on the basis of which it has been found 
possible to deduce formula: connecting the equilibrium in a 
system with the thermal data characteristic of the reacting 

* Nemst, Afplications of Thertnedynzmics to Chemistry. London, 
Constable, 1907. Annua! Reports, Chemirat Sonety, \C)C/o, pp. so-i2. 
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substances, is that the free ene^. A, and the total heat of 
reaction, Q, are not only equal at the absolute zero, as already 
pointed out (p. 159), but their values coincide completely in 
the immediate vicinity of that point. It is evident that this 
assumption cannot be tested directly, but the fact that the 
formulae deduced on this basis have been to a great extent con- 
firmed by experiment * goes far to justify it. 

There can be no doubt that the results just described con- 
stitute one of the most important advances in physics and 
chemistry of recent years It is beyond the scope of the 
present book to discuss the question more fully, but it may 
be mentioned that the theory not only admits of the calcula- 
tion of equilibria in homogeneous and heterogeneous systems 
from thermal data, but also gives a formula representing the 
variation of vapour pressure with temperature. 

Practical lUastrations— The law of mass action may be 
illustrated most conveniently by the action of water on bismuth 
chloride, represented by the equation 

BiCI, + HjO^BiOCl + rHCI 

When dilute hydrochloric acid is added to a mixture of the 
salt and water, the equilibrium is displaced in the direction 
represented by the lower arrow, and a homogeneous solution is 
obtained. U excess of water is added to this solution, the 
equilibrium is displaced in the direction represented by the 
upper arrow, and a precipitate of bismuth oxychloride is formed. 

The law may also be illustrated qualitatively by the inter- 
action of ferric chloride and ammonium thiocyanate to form 
blood-red ferric thiocyanate.* This reaction is of particular 
interest, as it was one of the first reversible reactions to be 
systematically investigated (J. H Gladstone, 1855).* The 
equation representing the reaction is as follows — 

FeCl, + sNH^CNSit Fe(CNS), + 3NH^C1. 

Solutions of the salts are first prepared , the thiocyanate 
solution contains 37 grams of the salt to 100 c.c. of water, 

* Nemst, ioe. at. 

* Lash MrJler and Kennck.y Amer. Cktm Soc , 22, 291. 

* Pkil. Trant. Ray. 1855, 179. 
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and llic ferric chloride solution 3 grams of the commercial 
salt and 12-5 c.c. of concentrated hydrochloric acid to 100 
c.c. of water. 5 c.c. of each of the solutions arc added to 
2 litres of water and the solution divided between four beakers. 
Tile solutions arc pale-red in colour, as the equilibrium lies 
considerably towards the left-hand side. To the contents of 
two of the beakers arc added 5 c.c. of the ferric chloride and 
the thiocyanate solution respectively, and it will be obscn'cd 
that the solutions become deep red, owing to the displacement 
of the equilibrium in the direction of the upper arrow. On 
the other hand, the addition of 50 c.c. of a concentrated solu- 
tion of ammonium chloride * to the solution in the third beaker 
makes it practically colourless, the equilibrium being displaced 
in the direction of the lower arrow, in accordance with the law 
of mass action. 


APPENDIX 

(j) Application of Second Law of Thermodynamics to Equilib- 
rium between the Different St.nlc.s of Aggregation of a Substance— 
The g’^arrol foniiiiln applicable to equilibria of th\s type tvill be deduced by 
jne;ui< of a reversible cyclic process applied to vnporir.ation — it give.s the con- 
licetjon l)rtwcen the latent he.af of vaporieation and the change of vapour 
pressure with temperature. According to the second law of thermodynamics, 
m a reversible cycle 

wo rk done. ^ change of temperatur e 
lie.-vt absorbed tentperature of aUsorption' 

Tlic work done is (\', — V,) dp, where V, is the volume of a mol of 
substance in the form of liquid, V, tiie corresponding volume in the v.apour 
form and dp is tlic change of vapour pressure for n small change of tern- 
per.rturc dv. Substituting in the above equation, we obtain 

fv. - v.y/' « 

where <; is the latent heat of vaporiration of 1 mol of liquid nt the absolute 
te!n]>erature T. 

As tin- volume of a definite quantity of a substance i.s so much grratet 
in the v.ipom than in the liquid form, no great error will be made by neglect- 
ing V, in coinp.irison with V,. Further, according to the gas laws \p. 3^) 

’ Strictly speaking, all the solutions should he made up to the same 
vohmi" in each case, Init for qualitative purposes the mctljod described is 
ruiiiciently accurate. The deep-red colour is presumably due to the for- 
mativ-'u of non-ionired ferric thiocyanate (p. i6(i) ; it c.innot be due to Fc-" 
or to CNS' ions, which are practically colourless. 
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RT. Substituting the nhie of V, from this equation in the formula 
Vfjplg -• rfT/T, we obtaui 


/‘rfT RT* 
</T RT» 


. (0 


The abore relationship can be obtained m more convenient form by 
integration, on the assumption that g remains constant for the smalt interval 
of temperature concerned Integrating between the alwolute temperatures 
T| and Tt (the corresponding pressures bemg/j and «e obtain (r/. p. 173) 


loe..#. - loa.A - 


As an iUustratian of the use of formula (3), the value of f for benzene 
may be calculated from the observation that the vapour pressures at :q* and 
30* C. amount to 75 omm. and t|H mm respectively Hen« 

<r i96Sj m -i—( — — A 
4 5^»\»93 * 3®3/ 

and g » 8004 calones 


An approximate telatiooship between laceot heat of vaponrabon and 
the absolute temperature at wtucb vaponzanoo tales place— the so-called 
Trouton'a rule — states that the quotient of the molecular heat of vaponra- 
non by the absolute temperature, u constant-'in s\mboIs glT > constant 
ihe rule is approximately valid for non associated liouids. but associated 
liquids, such as water and alcohol, show very considerable deviations 

Formula (i) applies also to other changes of state, for example from 
solid to liquid As an illustration the cflect ot a change of pressure of one 
atmosphere on the melting-point of ice will be calculated In all such 
calculations, care must be taken to state the factors concerned in correspood- 
uig units. 

The available data are that the latent beat of fusion of ice is So caloner 
or So X 42,650 gram cjns , that the specific volume of ice is txiSy when that 
of water is taken as unit, and that dp is 1033 grams/cm,' Substituting m 
the equation 

(t-t — v^Jp dT 

f “ T 
<^7 X 10 33 ^ «fT 
So X 4Z 650 *73 

dT = 0-0074* {fj~ p. 191). 


we have 
whence 
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under suitable conditions, the reaction may be made to perform. Tliere are 
two chief methods in which this principle is applied, (t ) by measurement of the 
position of equilibrium in tlie system under definite conditions, (a) by means 
of E.hf.F. measurements in a' galvanic cell. The second method is fully 
explained in a later diapter (p. 353), and a proof of the formula used in 
the equilibrium method and one or two examples will nosv lie riven. It 
will readily be understood that the position of equilibrium must be closely 
connected 'with the chemical afllnity between the reacting substances since 
the greater the afSnity the more complete will be the combination. It udll 
be sufficient for our present purpose to derive tlic affinity formula for a re- 
action in which gxscs only are concerned ; the same formula applies to re- 
actions in heterogeneous systems. 

A vessel contains hydrogen, oxygen, and water vapour of the respec- 
tive concentrations Ctt,', Coj, and Cii.o at the constant temperature T. It 
is assumed that one of the walls of the vessel is permeable for hydrogen 
only, another for oxygen only, and a third for water vapour only, and that the 
walls can he displaced without friction. Outside each of these walls is the 
particular gas for which it is permeable, at the s.ame temperature and con- 
centration as the corresponding gas inside, and the amounts both outside 
and inside are so great that no appreciable change in concentration is caused 
by the passage of a mol of gas into or out of the vessel. 

The wall permeable for hydrogen is now moved inwards so that 2 mols 
of hydrogen are removed from the vessel, and similarly, by moving inwards 
the wall permeable for oxygen, l mol of the latter gas is brought outside. 
In these processes no work is done, as no alterations of pressure are set 
up. TIic hydrogen and oxygen are now allowed to c.xpand reversibly al 
constant temperature T until they attain any desired smaller concen- 
trations C'lij and Co,. The work done by a mol of a perfect gas in ex- 
panding from the volume v to Uj is 

A ^ RT logjn,/ti — RT log, C/C 

and therefore (assuming that both hydrogen and oxygen behave as perfect 
gases) the total work gained in the above processes is 

A, -sRTlog,^"* ■bRTIog,^'!. 

O tif C oj 

The 2 mols of hydrogen (concentration C »,) and the mol of oxygen (con- 
centration C oj) are now combined to form 2 mols of water vapour of con- 
centration C'lijo, the latter conccntr.ation being so chosen that the water 
vapour is in equilibrium with hydrogen and oxygen of the respective 
concentrations C a. and C o-. No work is done in this combination, whidi is 
carried out under equilibrium conditions. Finally the 2 mols of water vapour 
of concentration C 11,0 arc brought isothcrmally and rever.sibly to the initi.al 
concentration Cnjo and added to the contents of the vessel through the wall 
permeable for the vapour. In the latter process the work gained is 

A. » 2RTlog,^®. 

The result of these proccs.^cs is that in Uie interior of the vessel 2 tnols of 
hydrogen of the concentration Chj and l mol of oxygen of the concentration 
Co> have disappeared and 2 mols of Tvaler vapour ot the concentration Cir;o 
have been formed Tvithout any alteration of temperature or concentration 
inside the system. 'Hie total work gained is 
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A - A, + A, - 2RTJog,^ + RT!oe,^+ 2RTIog,£5l? 

Cb( o ot Ca]0 

which u & meuiue of the affinity of hydrogen and oxy^eo at the tempera- 
ture and concentration in question. The above equation may be written 
in the form 

c* c c”* 

A - RT log, + RT log, -jHli. 


Now A depends only on the intbai and final states of the system and is 
therefore independent of the arbitrarily chosen concentrations Cri and 
C'oi to which the gases were brought after removal from the vessel It 


follows that the expression 


c*r. 


constant 


K, in other words, nhat- 


ever be the concentrations C'm and the concentration C >,0 of water 
vapour in equilibrium with C**, and Co, is such that the above equation 
holds. 

KV Aitvt kert a tktrm^dynamuat freef «/ tkt 4itp of fnast action, first 
establKhed by Guldberg and Waage irom kinetic considerations 

The affinity of by^ogen to oxygen u therefore represented by the 
formula 


A 


RT log, K - RT log, - 


and can he obtained for any concentration C of the reacting substances 
when the equilibnum eonstant of the acQori has been determined 

It can easily be shown that a formula of this type applies both to homo- 
geneous tmd heterogeneous reactions The genetu formula is as follows 
(p. 166):— 

(A,]"-.fA-.]"V 
® lArj". fA,]".- 


-RTIog,K-RTIog, ' 


which, when the Initial substances and the products are in unit concen- 
tration, simplifies to 

A - RTIog, K. 


For the combination of bydiogen and iodine the general formula becomes 
A-KTlo,.K-ET.^.ja^ 

At the temperature of boiling sulfur (T *73 -1- 44S* — 7iS*) 


-SO. 


The work obtained by the combination of i mol of iodine and i mol of 
hydrogen, each at unit concentration, to 3 mols of hydrogen iodide, also 
at unit concentration, is therefore 

A- 1 985 X 718 X 3303 log,, so - + 557S calories 
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We have here a case where the affinity of a reaction and the heat of reaction 
are of opposite sign — the latter is about — 6000 cal. 

T^e general formula will now be used to calculate the chemical affinity 
of a heterogeneous reaction, namely, the maximum work obtainable in the 
combination of l mol of carbon dioxide with calcium oxide at a dcfmitc 
temperature to form calcium carbonate. It is usual to denote the affinity 
of a gas os that shown towards the solid substances at atmospheric pressure. 
We proceed to calculate the affinity of carbon dioxide for calcium oxide at 
67I°C. «= 944° abs., the equilibrium pressure at this temperature being 
13’5 mm. In this case (p, 184) 



and A — RT log; p. 

therefore A «=> — i-gSj x 944 x 2-303 logi, 13-5/760 
7540 calorics. 

The value of A obtained is the same whether concentrations or partial 
pressures are used for calculations in which gases are concerned. In tlie 
above calculation the pressure of the atmosphere is taken as unit. 

(3) Deduction of the Formula Connecting Displacement of Equi- 
librium vrith change of Temperature. — ^Van’t Hoff’s formula (p. 173) 
which is usually written in the form 

rfOog,K) _ - Q 
dT RT‘ 

can e.isily be deduced from the expression A — Q •=• T{dA/dT) for the 
second law of tliermodynamics (p. J 58) and the affinity formula 

A «• RT log{ K 

given in the last section. 

From tlte latter formula we obtain by differentiation 

^ - R log, K + 

Cl ai 

and A - Q - T^ - RT log, K + 

cl aV 

whence - Q - 

dT 

or 

dl' RT*’ 
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HETEROGENEOUS EQUILIBRIUM. THE PHASE 
RULE 

Geoeral — In contrast to homogeneous systems, in which the 
composition is uniform throughout, heterogeneous systems are 
made up of matter in different states of aggregation. The 
separate portions of matter in equilibrium arc usually termed 
phases; each phase is itself homogeneous, and is separated by 
bounding surfaces from the other phases Liquid water in 
equilibrium with its vapour is a heterogeneous system made 
up o! two phases, the equilibrium in this case being of a physical 
nature. Another heterogeneous equilibrium, formed by cal* 
cium carbonate with its products of dissociation, consists of 
three phases, two of which are solid, calcium carbonate and 
calcium oxide, and one gaseous A still more complicated case 
is the equilibrium between a solid salt, its saturated solution 
and vapour, made up of a solid, a liquid, and a gaseous phase. 
It should be remembered that though each phase must be 
homogeneous, both as regards chemical and physical pro- 
perties, it may be chemically complex For example, a mixture 
of gases only forms a single phase, since gases are miscible in 
all proportions Further, a phase may be of variable composi- 
tion, thus a solution only constitutes one phase, although it 
may vary greatly on concentration 
Application ol Law of Mass Action to Eeterogeneoos Eqoi- 
lihrimn — It has already been shown that equilibria in homo- 
geneous systems may be dealt with satisfactorily by means 
of the law of mass action, provided that the molecular condition 
of the reading substances is known The matter is, however, 
somewhat more complicated for heterogeneous equilibria, more 
particularly when solid substances are present, as in the equi- 
librium between calcium carbonate, calcium oxide, and carbon 
183 
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dioxide already referred to. Debray, who investigated this 
system very carefully, showed that, just as water at a definite 
temperature has a definite vapour pressure, independent of 
the amount of liquid present, there is a definite pressure of 
carbon dioxide over calcium carbonate and oxide at a definite 
temperature, independent of the amount or the relative propor- 
tions of the solids present. The question now arises as to 
how the law of mass action is to be applied to systems in 
which solids are present- This problem was solved by Guld- 
berg and Waage, who found that the experimental results, such 
as those for the dissociation of calcium carbonate, were satis- 
factorily represented on the assumption that the active mass of 
a solid sxAstaiice at a definite temperature is constant, i.e., inde- 
pendent of the amount of solid present. 

It w’as not at first clear what physical meaning is to be 
attached to this statement, but Nernst pointed out that for 
any such system it was sufficient to consider the equilibrium 
in the gaseous phase, the active mass of a solid being repre- 
sented as its concentration in the gaseous phase. In other 
words, a solid, like a liquid, may be regarded as having a 
definite vapour pressure at a definite temperature, independent 
, of its amount. At first sight it may seem surprising to ascribe 
--'a definite vapour pressure to such a substance as calcium oxide, 
but it is well known that solids like bismuth and cadmium have 
definite vapour pressures at moderate temperatures, and there 
is every reason for supposing that the diminution of vapour 
pressure with fail of temperature is continuous. There is now 
no difficulty in applying the law of mass action to equilibria 
in which solid substances arc concerned, for example, to the 
dissociation of calcium carbonate. For convenience, we will 
use the partial pressures, p, of the components in the gaseous 
phase as representing the active masses.^ We then obtain 

CaCOa CaO -f COj 
^^PCiCOi — ^Ipciof’cor 
whence ^co, = - jr— — - = constant. 

*lfCaO 

’ The p.irtinl pressure of a pas is proportional to the number of particles 
present per unit volume and therefore to its molecular conccnlralioa or 
ectivc mass (cf. n. lot'). 



HETEROGENEOUS EQUILIBRIUM 


185 


Otherwise expressed, since all the factors on the right-hand 
side of the equation are constant at constant temperature, the 
vapour pressure of carbon dioxide must be constant, which is 
in accordance with the expcnmental facts. 

It is Hear from the form of the equation that the pressure 
remains constant only within limits of temperature such that 
both calcium carbonate and oxide are present. If the tem- 
perature is so high that no calcium carbonate is present, the 
pressure is no longer defined, but depends on the size of the 
vessel, etc. 

Dissociation 0! Balt Hydrates— Other interesting examples of 
heterogeneous equilibrium are those between water vapour and 
salts with water of crystallization. If, for example, crystallized 
copper sulphate, CUSO4, sHjQ is placed m a desiccator over 
concentrated sulphuric acid at 50*, it gradually loses water and 
finally only the anhydrous sulphate remains If arrangements 
are made for continuously observing the pressure during dehyd- 
ration, it will be found to remain constant at 47 mm until the 
salt has lost two molecules of water, it then drops to 30 mm. 
and remains constant until other two molecules of water have 
been lost, when it suddenly drops to 4-4 mm and remains 
constant till dehydration is complete The explanation of the 
successive constant pressures observed dunng dehydration is 
similar to that already given for the constant pressure of carbon 
dioxide over calcium carbonate and oxide At 50'’ the hydrates 
CUSO4, 5H,0 and CuS04. jHjO are m equilibrium with a 
pressure of aqueous vapour 47 mm , and as long as any of the 
pentahydrate is present, the pressure necessarily remains con- 
stant. When, however, all the pentahydrate is used up, the 
trihydrate begins to dehydrate, giving rise to a little of the 
mooohydrate, CuSOi, HjO As a new substance is then taking 
part in the equilibnum, the pressure of aqueous Vapour neces- 
sarily alters, and remains at the new value until the tnhydrate 
is used up. The successive equilibria are represented by the 
following equations : — 

I. CUSO4, sHjO ^ CuSO*. 3H,0 + 2H,0. 

II. CUSO4. CuSOi, H ,0 + 2 H, 0 . 

in. CUSO4. HjO^CuSOi + H,0. 


i 
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By applying ttic law of mass action to any of the above 
equations, it may easily be shown that the pressure of aqueous 
vapour imiBt he constant at constant temperature. Putting the 
partial pressures of the pcntahyclrate and the trihydratc as Pj 
and Pj respectively, we have from equation I, — 


/.■P, 

whence. r 


■ th. 

k,i\ 


con.stant. 


It is import.ant to realize clearly that the observed pressure i.s 
not due to any one hydrate, it is only definite and fixed when 
both hydrates arc prcr.cnt. 

'I’he tension of aqueous vapour over hydratc.s, lilcc the vapour 
prcssvirc of water, increases rapidly with the temperature. This 
is illuslratcfl in the following table, in which the vapour pressures 
(in mm.) over a mixture of Nai,HP04, 711^0, and NajHPO^, 
and those of water at the same temperatures, arc given : — 

Trmorr.iturc , . is-.Y ifr.s* so-y' 24*9" jfs" .sCjM" 40-o* 

Nn,lirO, o - 711,0 4 H 60 0-4 12-0 2i’3 jo-j 4f2 

Wnter . . . lofi ijs*! ift-i 23'.( 3.f3 4S'« Sf9 

Undo n\U/wBlcr . . 0'4<) 0-50 0‘52 0-55 O'Oz eCS 0-75 

The results throw light on the que.stion of the ejjloresceme 
(giving up of water) and dfUquesemee (absorption of water) of 
hydrated .salts in contact with the atmosphere. If a hydrate 
(in the presence of the next lower hydrate) has a higher vapour 
pressure than the ordinary pressure of aqueous vapour in the 
atmosphere, it will lose water and form a lower hydrate. For 
example, the salt Nn5HP04, 12H5O has a vapour pressure of 
over 18 mm. at 25“, which is greater than the average pressure 
of aqueous vapour in the atmosphere at that temperature, though 
less than the saturation pressure (see table), and therefore the 
salt is cfiloa'sccnl under ordinar>* conditions. On the other 
hand, the vapour tension of the heptahydrate at 25° is only 
13 mm. and it is therefore stable in air. When the vapour 
pressure of the saturated aqueous solution of a substance is 
less than the ordinary’ pressure of aqueo\is v.apour in the at- 
mosphere, the substance will .absorb moisture till complete 
solution occurs; it is said to be deliquescent. 
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1; w . Solid ammonium 

• • ito ammonia and 


NHj + HjS^iNH^HS. 

This equilibrium is of a different type to those already mentioned, 
as a solid dissociates into two gaseous components Repre* 
scntlng the composition tn terms of partial pressures, we ob- 
tain, on applying the law of mass action, 

= Kj, or = Kj/>„„,hs = conslaol, 

i>NHiHS 

since the partial pressure of sobd ammonium sulphide is con- 
stant at constant temperature. 

The equation indicates that the product of the partial pres- 
sures of the two gases is constant at constant temperature. 

When the gases are obtained by heating ammonium hydro- 
sulphide, they are necessarily present m equivalent amount and 
esert the same partial pressure The above lermuJa may, 
however, be tested by adding excess of one of the products 
of dissociation to the mixture. This was done by Isambert, 
with the result indicated in the following table, which holds for 
j the volume being kept constant throughout ; — 

/■■i /■!» 

250-5 250-5 62,750 

208-0 294-0 60,700 

453*0 *43*0 64,800 

In the first experiment the gases are present in equivalent 
proportions, in the second experiment excess of hydrogen 
sulphide, in the third excess of ammonia have been added. 
The results indicate that the product of the pressures is con- 
stant within the limits of experimental error, as the theory 
indicates, and, further, that addition of excess of one of the 
products of dissociation diminishes the amount of the other, as 
already shown for phosphorous pentachloride (p. 171). 

Analogy between Solubility and Dissociation— There is a very 
close analogy between the solubility of solids in liquids and the 
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By applying the law of mass action to any of the above 
equations, it may easily be shown that the pressure of aqueous 
vapour must be constant at constant temperature. Putting the 
partial pressures of the pentahydrate and the trihydrate as Pj 
and Pj respectively, we have from equation I. — 


whence 


fepj = AjPjP^HjO- 
P"HiO = = constant. 


It is important to realize clearly that the observed pressure is 
not due to any one hydrate, it is only definite and fixed when 
both hydrates are present. 

The tension of aqueous vapour over hydrates, like the vapour 
pressure of water, increases rapidly with the temperature. This 
is illustrated in the following table, in which the vapour pressures 
(in mm.) over a mixture of NajHPO^, 7H2O, and NasHPO^, 
and those of water at the same temperatures, arc given : — 

Tcmncraiurc . . 12'3'’ 16-3'’ ao?" 24-9® 3T-5® 36'4® 40-0° 

NitjHPO, + o — 7H,0 4’S 6-0 9-4 12-9 21-3 30-5 41*2 

Wntcr . . . 10-6 J3-8 iS-i 23-4 34'3 4S'J 54‘9 

Ratio sall/watcr . . 0-46 0-50 0-52 0-55 0-62 0-6S 0*75 

The results throw light on the question of the efflorescence 
{giving up of water) and deliquescence (absorption of water) of 
hydrated salts in contact with the atmosphere. If a hydrate 
(in the presence of the next lower hydrate) has a higher vapour 
pressure than the ordinary pressure of aqueous vapour in the 
atmosphere, it will lose water and form a lower hydrate. For 
example, the salt Na2HP04, I2H;0 has a vapour pressure of 
over 18 mm. at 25°, which is greater than the average pressure 
of aqueous vapour in the atmosphere at that temperature, though 
less than the saturation pressure (see table), and therefore the 
salt is efflorescent under ordinary conditions. On the other 
hand, the vapour tension of the heptahydratc at 25° is only 
13 mm. and it is therefore stable in air. When the vapour 
pressure of the saturated aqueous solution of a substance is 
less than the ordinary pressure of aqueous vapour in the at- 
mosphere, the substance will absorb moisture till complete 
solution occurs; it is said to be deliguescenl. 
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The results were obtained by shaking up varying quantities 
of succinic acid with 10 cc. of water and 10 c.c. of ether in 
a separating funnel, and determining the concentrations of acid 
in the two layers after thay had separated completely. The 
fact that the ratio Cj/Cj is approximately constant shows that 
Henry’s law applies. 

When the molecular weight of the solute is not the same 
in both solvents, the ratio of the concentrations is no longer 
constant, and, conversely, if the ratio of the concentrations is 
not constant at constant temperature, the molecular weight 
cannot be the same in both solvents This is illustrated by the 
following results obtained by Nemst for the distribution of 
benzoic acid between water and benzene 


C, (in water) 

C, (la bentene) 

c,/c, 


0-0150 

0 243 

0062 

0-0305 

0-0195 

0-412 

0-048 

00304 

00289 

0970 

0-030 

0-0293 


As the table shows, the ratio C|/C| is not even a_pproximateIy 
constant, but, on the other hand, the ratio is constant 

(fourth column) This is connected with the fact that whilst 
benzoic acid has the normal molecular weight m water, in ben- 
zene it is present almost entirely as double molecules (p. 133). 
According to the general rule there is a constant ratio between the 
concentrations of the stmple molecules in the two phases. From 
the law of mass action the concentration of the simple mole- 
cules in benzene is proportional to the square root of the con- 
centration of the double molecules, and, therefore (since the acid 
is present almost entirely as double molecules), approximately 
proportional to the square root of the total concentration 

Phase Rule. Eqailibriom between Water, Ice, and 
Steam — In the previous sections of this chapter it has been 
shown that many heterogeneous equilibria can be dealt with 
satisfactorily by means of the law of mass action. This holds 
not only for phases of constant composition, but within limits 
also for phases of variable composition, such as solutions With 
reference to dilute solutions there is, of course, no difficulty, 
as the active mass of the solute is proportional to its concentra- 
tion. This is not the case, however, for concentrated solutions. 
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equilibrium phenomena just considered, more particularly the 
dissociation of salt hydrates. In both cases there is equilibrium 
between the solid as such and the same substance in the 
other {gaseous or liquid) phase. We have already seen, in the 
case of the hydrates of copper sulphate, that the vapour pressure 
[i.e., the concentration of vapour in the gas space) depends on 
the composition of the solid phases, and it is then easy to see 
that the solubility of sodium sulphate (its concentration in the 
liquid phase) must also depend on the composition of the solid 
phase. The solubility alters when the solid decahydrate changes 
to the anhydrous salt, just as does the vapour pressure when 
copper sulphate pentahydratc disappears. A further analogy 
between the two phenomena is that just as the addition of an 
indifferent gas to the gas phase does not alter the equilibrium, 
except in so far as the volume is changed, so the addition of an 
indifferent substance to a solution docs not greatly affect the 
solubility of the original solute. 

Distribution of a Solute between two Immiscible Liquids— 
The distribution of a solute such as succinic acid between two 
immiscible liquids such as ether and water exactly corresponds 
with the distribution of a substance between tlic liquid and gas 
phase (p. 94), and therefore the rules already mentioned for 
the latter equilibrium apply unchanged to the former. The 
most important results may be expressed as follows (Nernst) ; — 

(1) If the molecular weight of tlic solute is the same in both 
solvents, the distributioti coefficient (the ratio of the concentra- 
tions in the two solvents after equilibrium is attained) is con- 
stant at constant temperature (Henry’s law). 

{2) In presence of several solutes, the distribution for each 
solute separately is the same as if the others were not present 
(Dalton's law of partial pressures). 

The first rule may be illustrated by the results obtained by 
Nernst for the distribution of succinic acid between ether and 
water, which are given in the table : — 


Cj (in water) 

C, (in ctlier) 

Ci/C, 

0-024 

0-0046 

5-2 

0-070 

0-013 

5-4 

0 -I 2 I 

0-032 

5-4 
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The rcsulU were obtained by shaking up varying quantities 
of succinic acid with lO cc. of water and 10 c.c. of ether m 
a separating funnel, and determining the concentrations of acid 
in the two layers after thay had separated completely. The 
fact that the ratio C,/C, ia approximately constant shows that 
Henry’s law applies. 

When the molecular w«ght of the solute is not the same 
in both solvents, the ratio of the concentrations is no longer 
constant, and, conversely, if the ratio of the concentrations is 
not constant at constant temperature, the molecular weight 
cannot be the same in both solvents This is illustrated by the 
following results obtained by Nernst for the distribution of 
benzoic acid between water and benzene .— 


C, (in w»t«r) 

C, (in benzene) 

Cj/C, 

c,/s/c; 

0-0I50 

0-24: 

0062 

0*0305 

0*0195 

0*412 

0048 

00304 

0-0:89 

0*970 

0030 

0-0293 


As the table shows, the ratio C,/Ct is not even a^roximately 
constant, but, on the other hand, the ratio Cj/^Cj is constant 
(fourth column). This is connected with the fact that whilst 
benzoic acid has the normal molecular weight in water, in ben- 
zene it is present almost entirely as double molecules (p 133). 
According to the general rule there is a constant ratio between the 
concentrations of the smpU molecules in the two phases. From 
the law of mass action the concentration of the simple mole- 
cules in benzene is proportional to the square root of the con- 
centration of the double molecules, and, therefore (since the acid 
is present almost entirely as double molecules), approximately 
proportional to the square root of the total concentration. 

The Phase Rule. Equibbrinm between Water, Ice, and 
Steam— In the previous sections of this chapter it has been 
shown that many heterogeneous equilibria can be dealt with 
satisfactorily by means of the law of mass action. This holds 
not only for phases of constant composition, but within limits 
also for phases of variable composition, such as solutions. With 
reference to dilute solutions there is, of course, no difficulty, 
as the active mass of the solute is proportional to its concentra- 
tion. This is not the case, however, for concentrated solutions 
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and the application of the law of mass action to these is attended 
with considerable uncertainty. 

As far back as 1874, a complete method for tire representa- 
tion of chemical equilibria was developed by the American 
physidst, Willard Gibbs, which has come to be known as the 
phase rule. The first point to notice with regard to this method 
is that it is entirely independent of the molecular theory ; the 
composition of a system is determined by the number of in- 
dependently variable constituents, which Gibbs terms components. 
He then goes on to determine the number of “ degrees of free- 
dom " of a system from the 
relation between the number of 
components and the number of 
phases. It is for this reason 
that his method of classification 
is termed the phase rule. 

In order to make clear the 
meaning of the terms employed 
it will be well, before enunciating 
the rule, to illustrate them by 
means of a very simple case, 

* nanacly water. As regards the 

Pip equilibrium in this case, we 

may, according to the conditions 
of the experiment, have one, two or more phases present. 
Tims, under ordinary conditions of temperature and pressure, 
there are t%vo phases, water and water vapour, in equilibrium. 
Tins equilibrium is represented in Fig. 25 by the line OA, 
temperature being measured along the horizontal and pressure 
along the vertical axes. It is only at points on the curve that 
there is equilibrium. If, for example, at a fixed temperature 
the pressure is kept beloiv that represented by a point on the 
cur\’e OA (by continuously increasing titc volume) the whole 
of the water will be converted to vapour ; if, on the other hand, 
it is kept at a point a little above the curve at a definite tempera- 
ture, the whole of the vapour will ultimately liquefy. When 
the temperature is a little below 0“, only ice and vapour arc 
present, and the equilibrium between them is represented on 
tiie diagram by the line OC, which is not continuous with OA. 


B 
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The two curves meet at O, and O is the point at which ice 
and water are in equilibrium with water vapour. It is easy to 
see that at this point ice and water have the same vapour 
pressure. II this were not so, vapour would distil from the 
phase with the higher vapour pressure to that mth the lower 
vapour pressure till the first phase w'as entirely used up, a 
result in contradiction with the fact that the two phases remain 
in equilibrium at this point. Since o“ is the temperature at 
which ice and water are in equilibrium with their vapour under 
atmospheric pressure, and as pressure lowers the melting-point 
of ice, the point 0, at which the two phases are in equilibrium 
under the pressure of their own vapour (about 4 6 mm ), most be 
a little above 0® ; the actual value is +0'007*C (r/. p, 179). 
The diagram is completed for stable phases by drawing the line 
OB, which represents the effect of pressure on the melting-point 
of ice; the line is inclined towards the pressure axis because 
increased pressure lowers the raeltmg-pomt 

The point 0 is termed a (npU potnt, because there, and 
there only, three phases are in equilibrium. At points along 
the curves two phases are in equilibrium, and under the con- 
ditions m the intermediate spaces only one phase is present, as 
the diagram shows. 

So far, only stable conditions have been considered, but 
unstable conditions may ako occur. Thus water does not 
necessarily freeze at 0® ; if dust is carefully excluded, it is pos- 
sible to follow the vapour pressure curve for some degrees 
below zero. The part of the curve thus obtained 13 represented 
by the dotted line OA' which is continuous with OA and lies 
above OC, the vapour pressure curve for ice These results 
illustrate two important rules: (i) there is no abrupt change 
in the properties of a liquid at its freezing-point when the 
solid phase does not separate ; (2) the vapour pressure of an 
unstable phase is greater than that of the stable phase at the 
same temperature. The last result may be anticipated, since it 
is then evident how an unstable phase may change to a stable 
phase by distillation. 

The phase rule may now be enunciated as follows : If P 
represents the number of phases in a system, C the number oj 
components, and F the number of degrees of freedom, the relation 
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hetu cm the mmhrr of phn.m, components and drp/ees of freedom 
is represented hy the equation C P -}■ 2 F. 

The niwninfi of llie terms "component" and " dep/ee of 
freedom " will become clear ns wc proceed. Tiic former iias 
already been defined as the smallest number of independent 
variables of which the system under consideration can be built 
up. Thus in the c.asc of water, considered above, there is only 
one component, and tlie system c.ilcium c.arbonatC'C.aJcium 
oxide-carbon <!ioxidc can be built up from two components, 
say calcium oxitlc and carbon dioxide. Particular instances of 
the application of the phase rule will now be given. 

If the numher of phases exceeds the number of components by 
tiro, the system has no decrees of freedom (F o), and is said to 
he nou'variant. An illustration of this is the triple point 0 
in the diagram for water (p. ipt), where there arc three phases 
(liipiid water, ice, and water vapour) and one component (water). 
If one of the \ari.ablcs, the temperature or the pressure, is 
altered and kept at the new value, one of the phases disappears ; 
in other words, the system has no degrees of freedom. 

If the number of phases exceeds the number of components by 
one, F T- 1, mid the system is said to he univariant. As an illus- 
tration, wc take the ease of water vapour, where there are two 
jdiascs and one component, say any point on the line OA. In 
this case the temperature m.ay be altered within limits without 
altering the number of phases. If the tcmpcr.ilure is raised, the 
pressure will increase correspondingly, and the system will thus 
adjust itself to another point on the curve OA. Similarly, the 
pressure may be altered within limits, the system will re-atlain to 
equilibrium by a change of temjicr.iturc at the new pressure. 
If, however, the temperature be kept at an arbitrary value and 
the pressure is tlicn changed, one of the phases will disappear; 
the system has therefore one, and only one, degree of freedom. 

If the miiiifer of phases is equal to the numher of components, 
the system has tiro deyrees of freedom, and is said to be divariant. 
The areas in the diagram (h'ig, 25) arc examples of this c.ase— 
therc is one phase (vapour, liquid, or solid) and one component. 
If, for instance, wc consider tlic vapour phase, the temperature 
may be fixed at any desired point within the triangle AOC, and 
the pressure may still be altered within limits .along a line 
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parallel to the pressure axis without alteration in the nuttrbcr 
of phases, as long as the curves OA and OC are not reached.. 

If the number of phases is less than the number of com- 
ponents by one, the system is trivariant, and so on. This par- 
ticular instance cannot occur in the case of water, but does 
so in a four-phase system, as described in the next section. 

Eqailibriam between Foot Fh&ses 0! the Same Substance, 
golpbnr — The diagram for water represents the equilibrium 
between three phases of the same substance. We are now 
concerned with sulphur, which is somewhat more complicated 
inasmuch as there are two solid phases, monochnic and rhombic 
sulphur, in addition to the usual liquid and vapour phases. 

Rhombic sulphur is stable at the ordinary temperature, and 
on heating rapidly melts at 115* On being kept for some time 
in the neighbourhood of too*, however, it changes completely 
to monoeJime sulphur, which melts at 120* Monoclinic sulphur 
can be kept for an indefinite time at 100* without changing to 
rhombic ; it is therefore (he stable phase under these conditions. 
Thus, just as water is the stable phase above 0® and ice is stable 
below 0®, there is a temperature above which monoclinic sulphur 
is stable, below which rhombic sulphur is stable, and at which 
the two forms are in equilibrium with their vapour. This tem- 
perature is termed the transtiton point, and occurs at 95’6®. 
The change of one form into another is under ordinary condi- 
tions comparatively slow, and it is therefore possible to determine 
the vapour pressure of rhombic sulphur up to its melting-point, 
and that of monoclinic sulphur below its transition point. 
Although the vapour pressure of solid sulphur is comparatively 
small, it has been measured directly down to 50®. 

The complete equilibrium diagram, which includes the fixed 
points just mentioned, is represented in Fig 26 0 is the point 

at which rhombic and monochnic sulphur are in equilibrium 
with sulphur vapour, and is consequently a triple point, analogous 
to that for water ; OB is the vapour-pressure curve of rhombic 
sulphur, and OA that 0/ monocnnic sulphur. OA', which is 
continuous with 0.'\, is the vapour-pressure curve of monoclinic 
tKe iitistable ot wetoiteWr condition ; OB similarly 
represents the vapour-pressure curve 0/ rhombic sulphur in the 
unstable condition, and B' its melting-point. It will be observed 
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Hint in both cases the mcla:, table phase has the higher vapour 
pressure (p, tQi). The line OC represents the cfTcct of pressure 
on the transition point 0 and is therefore termed a transition 
ntnr ; since, contrary to the behaviour of water, pressure raises 
the transition point, tiic line is inclined away from the pressure 
axis. Similarly, the eairvc AC represents the effect of pressure 
on the melting-point of monoclinic sulphur, and as it is less 
inclinc<i away from the temperature axis tlian OC, the two lines 
meet at C at 131° under a pressure of 400 atmospheres. The 
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curve AD is the vapour-pressure curve of liquid sulphur above 
120", where the liquid is stable, and AB', continuous with DA, 
is the vapour-pressure curve of mctastablc liquid .sulphur. As 
alrcatiy indicated, B' represents the melting-point of mclasiablc 
rhombic sulphur ; in other words, it is a indastahle triple point 
at which rhombic and liquid sulphur, both in the mctastablc 
condition, arc in equilibrium with sulplttir vapour. OB', as 
already indicated, represents the vapour-pressure curve of meta- 
Rtablc rhombic sulphur, and the diagram is completed, both for 
stable and mctastablc phasc.s, by B'C, which represents llic effect 
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of pressure on the melting-point of rhombic sulphur. Mono- 
clinic sulphur does not exist above the point C; when fused 
sulphur solidifies at a pressure greater than 400 atmospheres, 
the rhombic form separates, whilst, as is well known, the 
monoclinic form first appears on solidification under ordinary 
pressure. The areas, as before, represent each a single phase, 
as shown in the diagram. Monoclinic sulphur is of particular 
interest, because it can only exist in the stable form within 
certain narrow limits of temperature and pressure, represented 
in the diagram by OAC. 

The phase rule is chiefly of importance in indicating what are 
the possible equilibrium conditions in a heterogeneous system, 
and in checking the experimental results. To illustrate this, we 
will use it to find out what arc the possible non-variant systems 
In the case of «ulphur, just considered From the formula 
C — P + 8 «* F, since C = i, P must be three in order that 
F may be aero ; in other words, the system will be non-variant 
when three phases are present. As any three of the four phases 
may theoretically be in equilibrium, there must be four triple 
points, with the following phases — 

(d) Rhombic and monoclinic sulphur and vapour (the point 0). 
(1>) Rhombic and monoclinic sulphur and liquid (the point C). 
(c) Rhombic sulphur, liquid and vapour (the point B'}. 

(<^ Monoclinic sulphur, liquid and vapour (the point A). 

The phase rule gives no information, however, as to whether 
the triple points indicated can actually be observed. In this 
particular case they are all attainable, as the diagram shows, 
but only because the change from rhombic to monoclinic 
sulphur above the triple point is comparatively slow. If It 
happened to be rapid, the point B' could not be actually 
observed 

Systems 0 ! Two Components. Salt and Water — The equilib- 
rium conditions are somewhat more complicated on passing from 
systems of one component to those of two components, such 
as a salt and water. For simplicity, the equilibrium between 
potassium iodide and water will be considered, as the salt 
does not lorm hydrates whh -water undw the tondUiews ot 
the experiment. There wUl therefore be only four ph? 
solid salt, solution, ice, and vapour. There »hrre rie- ^ 
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3f freedom, as, in addition to the temperature and pressure, 
die concentration of the solution may now be varied. 

The equilibrium in this system is represented in Fig. 27, the 
erdinates representing temperatures and the abscissa: concen- 
trations. At 0® (A in the diagram) ice is in equilibrium with 
water and v'apour, as has already been shown. If, now, a 
little potassium iodide is added to the water, the freezing-point 
is lowered, in other words, the temperature at which ice and 
water are in equilibrium is lowered by the addition of a salt, 

and the greater the pro- 
portion of salt present, 
the lower is the tem- 
perature of equilibrium. 
This is represented on 
the curve AO, which is 
the curve along which 
ice, sohUion, and vapour 
arc in equilibrium. On 
continued addition of 
potassium iodide, how- 
ever, a point must be 
reached at which the 
solution is saturated 
with the salt, and on 
further addition of potassium iodide, the latter must remain in 
the solid form in contact with ice and the solution. It is clear 
that, since the progressive lowering of the freezing-point depends 
upon the continuous increase in the concentration of the solu- 
tion, the temperature corresponding with the point 0 must 
represent the lowest temperature attainable in this way under 
stable conditions. 

To complete the diagram, it is further necessary to determine 
the equilibrium curve for tlie solid salt, the solution, and vapour. 
Looked at in another way, this will be the solubility curve of 
potassium iodide, which is represented by the curve OB. This 
curve is only slightly inclined away from the .temperature 
axis, corresponding with the fact that the solubility of potassium 
iodide only increases slowly with rise of temperature. The point 
0, which is the lowest temperature attainable with two com- 
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ponents, is known as a tutectic point ; in the special case when 
the two components are a salt and water, it is termed a cryohydric 
point 

The meaning of the diagram will be clearer if we consider 
what occurs when solutions of varying concentration are pro* 
gressively cooled. If, for example, we commence with a weak 
salt solution above its freezing-point {r in the diagram) and 
continuously withdraw heat, the temperature will fall {along xy) 
till the line OA is reached , ice will then separate, and as the 
cooling is continued the solution will become more concen- 
trated and the composition will alter along the line AO until 
0 is reached; salt then separates as w’ell as ice, and the solu- 
tion will solidify completely at constant temperature, that 
of the point 0 Similarly, if we start with a concentrated 
salt solution and loner the temperature until it reaches the 
curve OB, salt will separate and the composition will alter 
along the curve BO until it reaches the point 0 , when the 
mixture solidifies as a whole Finally, if a mixture corre- 
sponding with the composition of the cryohydne mixture is 
cooled, the line parallel to xy representing the fall of tem- 
perature will meet the curve first at the point 0, and the 
mixture will solidify at constant temperature. At the cryohydric 
temperature, the composition of the solid salt which separates is 
necessarily the same as that of the solution Guthrie,^ who was 
,the first to investigate these phenomena systematically, was of 
opinion that these mixtures of constant composition were definite 
hydrates, which were therefore termed tryohyirales. At first 
sight there seems much to be said for this view, as the separa- 
tion takes place at constant temperature, independent of the 
initial concentration, and the mixtures are crystalline For the 
following reasons, however, it is now accepted that the cryo- 
hydrates are not chemical compounds (a) the properties of 
the mixture (heat of solution, etc.) are the mean of the pro- 
perties of the constituents, which is seldom the case for a 
chemical compound ; (&} the components are not usually present 
in simple molar proportions ; and (r) the heterogeneous character 
of the mixture can be recognized by microscopic examination. 


n>l. AI.IS-, *884, Is], 17 , 462 
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to tbe salt, will dissolve mote of it, more ice will go into solu* 
tiea and so on. As a coaseqneace of these changes, heat must 
be absorbed in changing ice to water (latent heat cf fusion of 
ice), and in connection with the heat of solution of the salt if, 
as is usually the ease, the heat of solution is ceg3ti%*eL The 
temperature, therefore, falls till the crj'ohydric point is reached, 
and. then remains constant, since it is under these conditions 
that ice, salt, solution, and vapour are in equilibrium. As 
the temperature of a cr>’ohydfic mixture is so much below 
atmospheric temperature, heat will continually be absorbed from 
the surroundings, but as long as both ice and solid salt are 
present, the heat will be used up in bringing about the change 
of state, and the temperature wall remain constant. WTiea, 
however, other ice or salt u used up, the temperature must 
necessarily begin to rise. 

Systems ol Two Compooenta. General— The particular case 
of a two-component or hndry system already considered— • 
potassium iodide and water — is very simple, for two reasons : 
(1) the solid phases separate pure from the fused mass, in other 
words, the phases are not cuscible m the solid state; (2) the 
components do not enter into chemical combination. Com* 
plications occur when chemical compounds are formed, and 
when the solid phases separate as misei crystals (p. 106) con* 
taining the two components in varying proportions. We will 
consider three comparatively simple cases of equilibrium in 
binary sj'stcms, the components being in all cases completely 
miscible in the fused state : — 

(а) The components do cot eater into chemical combination, 
and are cot miscible in the solid state. 

(б) The components do cot eater into chemical combination, 
but are completely misdble in the solid stats. 

(e) The components form one chemical compound, but are 
not miscible with each other or with the compound in the 
solid stats. 

Case (a). One example of this ease is potassium iodide and 
water which has just been discussed. Another, which will be 
brieSy considered, is the equiCbrism between the metab zinc 
and cadium.* To determine the equilibrium curves, miiti-fes 


Wsiicba, Zeitjei I 907 .£ 5 , 4 t 5 . 
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and there is no eutectic point (p. 197). An important rule 
with regard to such systems is that the concentration of that 
component by the addition of which the melting-point is lowered 
is greater in the liquid than in the solid phase ; conversely, 
the concentration of that component by the addition of which 
the freezing-point is raised is greater in the solid that in the liquid 
phase. When an alloy of composition x is allowed to cool, 
it will move down the line xx\ When a is reached crystalliza- 
tion begins, but as the liquid always contains more of the com- 
ponent which lowers the melting-point, the composition of the 



Equilibrium DJaeram for Palladium and GoM. 

Fig. 29. 

crystals separating is represented by b. As freezing continues, 
the composition of the liquid is represented by a point moving 
along ad, the solid by points on a second curve be, to the right 
ol'ad. The curve representing the composition of the liquid 
is called the liquidtts, that representing the composition of the 
solid the solidKS. When the temperature has fallen to c the 
last of the liquid has solidified and ac is called the crystallization 
inlcrval. As the composition of the liquid from which the solid 
is separating is continually changing the solid is not homo- 
geneous. The cooling curve of this system shows two breaks 
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Of changes of direction representing the beginning and end of 
solidification. 

Gold and palladium are miscible in all proportions in the solid 
state, but in many cases the miscibility is limited. 

Case{c). One chemical eempound. No miscibiltty in solid form — 
A typical freesing-point curve for a system of this type is given 



in Fig. 30, representing thallium-mercury amalgams It will be 
observed that there is a maximum on the curve, corresponding 
with the composition of a compound HgjTl, containing two 
equivalents of mercury to one of thallium This compound 
melts at a definite temperature, and it is evident from the curve 
that the melting-point is lowered both by the addition of 
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mercury (along CB) and of thallium (along CD). From this it 
is clear that (he components of a chemical compound lou-er (he 
freezing-point of the compound just as foreign substances do. The 
remainder of the curve will readily be understood from tlie pre- 
vious paragraphs. A represents the freezing-point of mercury, 
AB the lowering of the freezing-point of mercury by the pro- 
gressive addition of the compound HgjTl, E the melting-point 
of thallium, and ED the effect on the melting-point of thallium 
produced by gradually increasing amounts of the same compound. 
The points B and D are eutectic points, the eutectic mixtures 
containing mercury and Hg^Tl, and HgjTl and thallium re- 
spectively. 

As in Fig. 28, above the curve ABCDE only liquid, and 
below the dotted line only solid is present. The intermediate 
regions represent heterogeneous systems in which both liquid 
and solid are present. 

The occurrence of a maximum on the freezing-point curve is 
usually an indication of chemical combination, but, on the other 
hand, chemical compounds are sometimes present, although 
there are no maxima on the curve. This occurs more par- 
ticularly when the chemical compound decomposes before its 
melting-point is reached. 

The systematic investigation of the freezing-point curve of 
a binary mixture is one of the best methods for detecting 
chemical compounds and establishing their formula:. This 
can be illustrated by the equilibrium curve of ferric chloride 
and water, which is of great historical interest, inasmuch as, 
in the course of the investigation of this system by Rooze- 
boom, many of the points we have been discussing were 
elucidated. 

The Hydrates ot Ferric Chloride— The freezing-point curve 
of this system is represented in Fig. 31, and will be readily 
understood by comparison with the previous diagrams, more 
particularly Fig. 30. For convenience, the concentrations in this 
case arc expressed as the ratio of the number of mols of ferric 
chloride present to lOO mols of water. 

In interpreting the curve, we commence at the left-hand side 
of the diagram. A represents the freezing-point of water, and 
AB the lowering of freezing-point produced by the progressive 
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addition of ferric chloride. At the point B, •— 55®, the solution 
is saturated with regard to ferric chloride, and B is therefore the 
eutectic point, at which ice, solution, a hydrate of ferric chloride 
(FciCIg, I2H,0), and vapour are in equilibrium. On adding 
more ferric chloride, the ice phase will disappear, and equilibrium 
will be attained at a point on the curve BC, at which the 
dodecahydrate, Fe,Clj, i2HjO, is in equilibrium with solution 
and vapour. The curve BC may therefore be regarded as the 



solubility curve of the dodecahydrate, and corresponds exactly 
with the curve OB (Fig. 27). On continued addition of ferric 
chloride, the equilibrium temperature continues to rise up to the 
point C at 37®, at which point the composition of the oixt^ 
corresponds with that of the dodecahydrate. Further add.rioa 
of ferric chloride lowers the temperature along the hst CD.^o 
that C is a maximum on the curve. At this point, the 
dodecahydrate is in equilibrium with a liquid of the 53=e 
position; in other words, C b the meltin; 



206 


OUTLINES OF PHYSICAL CHEMISTRY 


Fe,CI,, 12H,0, just as the point C (Fig. 30) represents the 
melting-point of Hg»Tl. On addition of more ferric chloride, 
the melting-point is lowered, as represented by the section CD 
of the curve. At the point D, the curve reaches another mini- 
mum, or eutectic point, which corresponds with the point B, 
except that a new hydrate, FeXig, /HjO, takes the place of 
ice. On further addition of ferric chloride, another maximum 
is reached, which represents the melting-point of the hepta- 
hydratc. In an exactly similar way, the other two maxima at 
higher concentrations of ferric chloride indicate the existence 
of two other hydrates, FcjClg, sHjO and FejClg, 4H2O, in the 
solid state. At the last eutectic point, K, the four phases in 
equilibrium arc the tetrahydrate, anhydrous ferric chloride, solu- 
tion and vapour, and KL represents the effect of temperature 
on the solubility of the anhydrous chloride. 

The application of the phase rule to this system should be 
made by the student. As at the point D (and the other corre- 
sponding points) the solubility curves of the dodccahydrate 
and heptahydrate intersect, D may be termed the transition 
point for the two hydrates. Since at these points there arc four 
phases in equilibrium, they are also termed quadruple points. 

In recent years, many other systems have been fully investi- 
gated on analogous lines to that indicated above. The chief 
experimental difficulty is to avoid supercooling, a source of 
error which is much more troublesome in some systems than 
in others. 

Transition Points — In the preceding sections, mention has 
been made on several occasions of transition points. When a 
substance is polymorphic {i.e., exists in more than one form) it 
is often possible, as in the case of sulphur, to find a temperature 
— the so-called transition point — at which two forms are in 
equilibrium ; at higher temperatures one of the forms is stable, 
at lower temperatures the other. 

It has been shown that at the transition point the two 
modifications have the same vapour pressure, but at other 
temperatures the mctastable form has the higher vapour 
pressure. By similar reasoning it can be shown that the 
mctastable phase has the higher solubility and the lower melt- 
ing-point. 
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It may happen, however, as In the case of benzophenone, 
that the modification stable at low temperatures melts before 
the transition point is reached. It is evident that in this case 
the transition can only take place in one direction, from the 
modification the existence of which h favoured by high tem- 
perature to that stable at low temperatures. Substances such 
as sulphur, for which there is a reversible transition, arc termed 
enansiolropic, substances for which the transition is only in one 
direction are termed monotropic. 

It may be asked how it is possible to obtain the raetastabic 
form of bentophenone, as it is necessarily unstable under all 
conditions. The explanation is that when a fused polymorphic 
substance is allowed to solidify, it is generally the most unstable 
fotm which separates first {eg., sulphur). 

Similarly, the transition point ol two hydrates is that tempera- 
ture at which they are in equilibrium, and at which they have 
the same solubility and the same vapour pressure. 

Practical BIustratloM. Disinbuihn cj a solvit Jr.'avm ftro 
immi'seiMe solventr^To a nearly saturated aqueous solution 
of succinic acid (say too c c.) in a stoppered bottle an approxi- 
mately equal volume of ether is added, and the bottle kept 
at room temperature for half an hour, shaking it at intervals. 
When the separation into two layers is complete, part of the 
ethereal layer is pipetted off and titrated with barium hydroxide, 
and the same is done with the aqueous layer. Less concentrated 
solutions of succinic acid arc then used, and the conceatraticn! 
in the ethereal and aqueous layers determined as before, Th* 
value of the distribution constant CJC, is then calculated irom 
the results, and ^ould be constant, as the molecular wnght is 
the same in the two solvents (p. i88) 

In a similar way the distribution of benzoic add beta'cen 
water and benzene may be investigated. In this case, as ben- 
zoic acid is unimolecujar in water and bimolecuiar in btmerie 
(p. 169), the ratio CJ where C, tcpresenia the concentration 
m the aqileous layer, C, the concentration in the benzene layer, 
should be approximately constant 
Dettmination of tmnsiiiDH -Transition temper.iturri, 
such as that above which riiombic sulphur h unitahlfl iiml 
monoclinic sulphur stable, can be determined in variens way*, 
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which depend in principle on the difference in properties of 
the two phases. The dilatometer method is largely used ; it 
is based on the fact that there is a more or less sudden change 
of volume when the transition takes place. Into a fairly wide 
glass tube, provided with a capillary tube and scale at the 
upper end and open at the lower end, is placed a mixture of 
the two modifications, e.g., monoclinic and rhombic sulphur, 
the lower end is then scaled up, and the vessel filled to the 
lower end of the scale with an indifferent liquid such as oil. 
The dilatometer is then placed in a bath the temperature of 
which is gradually raised, and readings made of the level of the 
liquid in the dilatometer. The rate of change of level will be 
more or less steady till the neighbourhood of the transition 
point is reached, when a relatively rapid change of level will be 
observed. The chief drawback to the method is that the 
change seldom takes place rapidly when the transition point is 
reached. To facilitate the change as far as possible, some of 
the second phase should always be present (p. 64). 

By solubility or vapour-pressure measurements — ^The fact that 
the two phases have the same solubility at the transition point 
may be employed to determine the latter. To determine the 
transition point in the system Na.SO,, ioH ,0 Na^SO^ + 
loHjO, it is only necessary to measure the solubility of the 
anhydrous salt and of the dccahydratc in the neighbourhood 
of the transition point, and the point at which the solubility 
curves intersect will be the required point. 

Measurements of vapour pressure may be employed in a 
similar way. Thus Ramsay and Young determined the vapour 
pressures of solid and liquid bromine respectively and found 
that the curves intersected at — 7°, which is therefore the 
transition temperature for solid and liquid bromine ; in other 
words, the melting-point of bromine. 


CHAPTER IX 


VELOCITY OF REACTION. CATALYSIS 

General — In ino^anic chemistry, the question as to the rate 
of a chemical change does not often arise, because in general 
the reactions are so rapid that it is impossible to measure the 
speed. The neutralization of an acid by a base, for instance, 
as shown by the change of colour of the indicator, is practically 
instantaneous. However, some instances of slow inorganic re* 
actions in homogeneous systems are known The rate of com- 
bination of sulphur dioxide and oxygen to form sulphur trioxide 
is very slow under ordinary conditions, and the mixture of gases 
has to be heated in contact with platinum as an accelerating 
agent in order to obtain a good yield of tnoxide. In organic 
chemistry, on the other hand, slow chemical reactions are very 
frequently met with. Thus the combination of an o^anic acid 
and an alcohol to form an ester is very slow under ordinary 
conditions, and the mixture of acid and alcohol, saturated 
with hydrogen chloride, has to be boiled for a considerable 
time In order to obtain a good yield of ester. 

In this chapter, as in the preceding one on chemical equilib- 
rium, the law of mass action is the guiding principle. It has 
already been pointed out (p 164) that the raje_o f a chemical 
reactipn^at any insta nt may be regarded, a 3 .Jhe_diffctenee in 
thtspeeds oLtheArect and the reverse rea ction at t hat.instan.t, 
If we consider a simple reversible reaction, such as ester forma- 
tion, in which a, b, c, and d are the initial equivalent concentra- 
tions of the reacting substances, and 1/ x is the amount of 
ester formed in the time t, the equation for the reaction velo- 
city at that instant may be written 

^ = k[a-x%b~x)-k,[c + x){d+x) . (' 


»4 


309 
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in %vhich dx represents the small increase in the amount of x 
during the small interval of time, di. This equation is a direct 
consequence of tlic application of the law of mass action to the 
reaction in question. 

It very often happens, however, that the equilibrium lies very 
near one side, which can only mean that the rate of the reverse 
reaction is small in comparison with that of the direct reaction. 
This is clear from the following considerations. The splitting 
up of hydrogen peroxide into water and oxygen is represented 
by the equation HoOj -> HjO + iO*, and the equilibrium be- 
tw’cen this compound and its decomposition products by the, 
equation HoOj HoO + iOj. Applying the law of mass action, 
we have 

/;[HA] [HjO] [O.JI 
and 

[H„0;] , ^ ^ K 

[HA [Oj]i k 

Now it is an experimental fact that the concentration of hydrogen 
peroxide in equilibrium with water and oxygen at atmospheric 
pressure is so small that it cannot be detected by analytical 
means. It follows, from the above equation, that i’j is small in 
comparison with k; otherwise expressed, the rate of the con- 
verse reaction, represented by the lower arrow, is negligible in 
comparison with that of the direct reaction, represented by the 
upper arrow. 

The same considerations apply to the more general case re- 
presented by equation (l). If is negligible in comparison 
with k, the expression kj{c -f x}{d + x) in equation (l) is 
negligible in comparison with the remainder of the right-hand 
side of the equation, and the latter therefore simplifies to 

^^^^k{a-x){b~x). 

Reactions of this type, in which the rate of the inverse reaction 
is negligible, are by far the simplest from a kinetic standpoint, 
and will therefore be considered first. 

Unimolecnlar Reaction — The simplest type of chemical re- 
action is that in which only one substance is undergoing change. 
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and there h practically no back reaction. Such a reaction, 
which can be readily followed, is the splitting up of hydrogen 
peroxide to water and oxygen in the presence of colloidal 
platinum or of certain enzymes The reaction, which is usually 
carried out in dilute aqueous solution, may be represented 
by the equation H,Oj = H,0 + JO,, and there is the advantage 
that the solvent does not appreciably alter during the reaction. 
As the colloidal platinum or the enzyme remains of constant 
activity during the reaction, the course of reaction is deter- 
mined solely by the peroxide concentration [cf p 214). 

The reaction in the presence of himase (blood-catalase)' can 
conveniently be followed by removing a portion of the solution 
from time to lime, adding to excess of sulphuric acid, which 
immediately slops the reaction, and titrating with permanganate 
solution. Some 0! the results obtained in this way are repre* 
sented in the accompanying table 


l (mtoj ). 

(ce KMnOj. 

(cc.KM*oOj. 

i 

0 

46-1 

0 


5 

371 

90 

0'043S 

10 

298 

16-3 

00438 

20 

19 6 

26-5 

0*0429 

30 

12-3 

33-8 

0-0440 

50 

5'0 

41 I 

00444 


The numbers in the second column represent the number of 
C.C. of dilute permanganate solution equivalent to 25 c.c. of 
the reaction mixture when the times represented in the first 
column have elapsed after mixing the peroxide and enzyme, 
and therefore represent the concentrations of peroxide in the 
mixture at the times in question By subtracting these numbers 
from that representing the initial concentration of the peroxide, 
46 I C.C., the amounts of peroxide split up at the times i are 
obtained ; these numbers are given m the third column. 

The numbers illustrate very clearly the falling off m the rale 
of the reaction as the conceotratiofl of the peroxide diminishes 
Thus in the first ten minutes an amount of peroxide equivalent 
to C.C. of permanganate is spht up, whilst in the second 
interval of ten minutes only 26-5 — 10-2 cc, are de- 

composed. 



210 


OUTLINES OF PHYSICAL CHEMISTRY 


in ■which dx represents the small increase in the amount of .r 
during the small interval of time, dl. This equation is a direct 
consequence of the application of the law of mass action to the 
reaction in question. 

It ver>’ often happens, however, that the equilibrium lies very 
near one side, which can only mean that the rate of the reverse 
reaction is small in comparison with that of the direct reaction. 
This is clear from the following considerations. The splitting 
up of hydrogen peroxide into water and oxygen is represented 
by the equation PLO. -> H«0 -p iOo, and the equilibrium be- 
tween this compound and its decomposition products by the 
equation H^Oj ^ HjO -f iOo. Applying the law of mass action, 
we have 

(HA [Oi]i 

and 

[HgO«] , fc] Tf 

(HjO] [Oj]i k 

Now it is an experimental fact that the concentration of hydrogen 
peroxide in equilibrium with water and oxygen at atmospheric 
pressure is so small that it cannot be detected by analytical 
means. It follows, from the above equation, that is small in 
comparison with k ; otherwise expressed, the rate of the con- 
verse reaction, represented by the lower arrow, is negligible in 
comparison with that of the direct reaction, represented by the 
upper arrow. 

The same considerations apply to the more general case re- 
presented by equation (l). If is negligible in comparison 
with k, the expression -f x)(d -p x) in equation (l) is 
negligible in comparison with the remainder of the right-hand 
side of the equation, and the latter therefore simplifies to 

^ == i(a — x){i - x). 

Reactions of this type, in which the rate of the inverse reaction 
is negligible, are by far the simplest from a kinetic standpoint, 
and ■vs’ili therefore be considered first. 

Tfnimolecolar Reaction — ^The simplest type of chemical re- 
action is that in which only one substance is undergoing change, 
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and there is practically no back reaction. Such a reaction, 
which can be readily followed, is the splitting up of hydrogen 
peroxide to water and oxygen in the presence of colloidal 
platinum or of certain enzymes. TTie reaction, which is usually 
carried out in dilute aqueous solution, may be represented 
by the equation H,Oj « H,0 + JO,, and there is the advantage 
that the solvent does not appreciably alter during the reaction. 
As the colloidal platinum or the enzyme remains of constant 
activity during the reaction, the course of reaction is deter- 
mined solely by the peroxide concentration (c/, p. 214). 

The reaction in the presence of hxmase (blood-catalase) can 
conveniently be followed by removing a portion of the solution 
from time to time, adding to excess of sulphuric acid, which 
immediately stops the reaction, and titrating with permanganate 
solution. Some of the results obtained in this way are repre- 
sented in the accompanying table:— 


t (miu.)> 

a — X 

(e.c. KMnOj. 

(C.C. KMnO*). 


0 

46-1 

0 

— 

5 

37-1 

90 

00435 

to 

29-8 

i 6-3 

00438 

20 

19-6 

26-5 

0-0429 

30 

12-3 

33-8 

00440 

50 

5-0 

4r-r 

00444 


The numbers in the second column represent the number of 
C.C. of dilute permanganate solution equivalent to 25 c,c. of 
the reaction mixture when the times represented in the first 
column have elapsed after mixing the peroxide and enzyme, 
and therefore represent the concentrations of peroxide in the 
mixture at the times in question. By subtracting these numbers 
from that representing the initial concentration of the peroxide, 
46-1 C.C., the amounts of peroxide split up at the times I are 
obtained ; these numbers are given m the third column. 

The numbers illustrate very clearly the falling oil in the rate 
of the reaction as the conceptration of the peroxide diminishes. 
Thus in the first ten minutes an amount of peroxide equivalent 
to 16-3 C.C. 0/ permanganate is split up, whilst in the second 
interval of ten minutes only 2^5 — 16-3 io-2 c.c. are de- 
composed. 
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in which dx represents the small increase in the amount of x 
during the small interval of time, dl. This equation is a direct 
consequence of the application of the law of mass action to the 
reaction in question. 

It very often happens, however, that the equilibrium lies very 
near one side, which can only mean that the rate of the reverse 
reaction is small in comparison with that of the direct reaction. 
This is clear from the following considerations. The splitting 
up of hydrogen peroxide into water and oxygen is represented 
by the equation HoOj HoO + iO^, and the equilibrium be- 
tween this compound and its decomposition products by the, 
equation HjOn H^O + iOg. Applying the law of mass action, 
we have 

k[H,o,]^>k,[nfi] [o,ii 

and 

[H.O;] 

[Hj,0] (OJi k 

Now it is an experimental fact that the concentration of hydrogen 
peroxide in equilibrium with water and oxygen at atmospheric 
pressure is so small that it cannot be detected by analytical 
means. It follows, from tlie above equation, that fcj is small in 
comparison with k] otherwise expressed, the rate of the con- 
verse reaction, represented by the low’er arrow, is negligible in 
comparison with that of the direct reaction, represented by the 
upper arrow. 

The same considerations apply to the more general case re- 
presented by equation (l). If kj is negligible in comparison 
with k, the expression k^^c -f x)(d + x) in equation (l) is 
negligible in comparison with the remainder of the right-hand 
side of the equation, and the latter therefore simplifies to 

- *)• 

Reactions of this type, in which the rate of the inverse reaction 
is negligible, are by far the simplest from a kinetic standpoint, 
and will therefore be considered first. 

Unimolecnlar Reaction — ^Thc simplest type of cliemical re- 
action is that in which only one substance is undergoing change, 
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and there is practically no back reaction. Such a reaction, 
which can be readily followed, is the splitting up of hydrogen 
peroxide to water and oxygen in the presence ol colloidal 
platinum or of certain enzymes. The reaction, which is usually 
carried out in dilute aqueous solution, may be represented 
by the equation H,0, = HjO + JO*, and there is the advantage 
that the solvent does not appreciably alter during the reaction. 
As the colloidal platinum or the enzyme remains of constant 
activity during the reaction, the course of reaction is deter- 
mined solely by the peroxide concentration {cf. p. 214). 

The reaction in the presence of ha-mase (blood-catalase)’can 
conveniently be followed by removing a portion of the solution 
from time to time, adding to excess of sulphuric acid, which 
immediately stops the reaction, and titrating with permanganate 
solution. Some of the results obtained in this way are repre- 


seflted in the accompanying table: — 

/(mliu). (C.C. KMnOj. (e.c.KMnOj. 

k 

0 

46*1 

0 

— 

5 

37't 

90 

00435 

10 

29-8 

i 6-3 

00438 

20 

19 6 

26-5 

00429 

30 

12-3 

33-8 

0-0440 

50 

5-0 

41-1 

0-0444 


The numbers in the second column represent the number of 
C.C. of dilute permanganate solution equivalent to 25 c.c. of 
the reaction mixture when the times represented in the first 
column have elapsed after mixing the peroxide and enzyme, 
and therefore represent the concentrations of peroxide in the 
mixture at the times in question. By subtracting these numbers 
from that representing the initial concentration of the peroxide, 
46-1 C.C., the amounts of peroxide split up at the times t are 
obtained ; these numbers are pven in the third column. 

The numbers illustrate very clearly the falling off in the rate 
of the reaction as the concentration of the peroxide diminishes. 
Thus in the first ten minutes an amount of peroxide cqun-alest 
to 1 6-3 cc. of permanganate is spilt up, whilst in the second 
interval ol ten minutes only 26-5— 16-3 10-2 ac. ire de- 
composed. 
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AccoriHnf; to llic i.iw of mass action, tlic rate of the reaction 
at the time / should he proportional to tlic concentration of the 
peroxide, a — x, at that time, hence 

■/VnA-(n-.r) . . . . (2) 

iU 


In this form, liowevcr, the equation cannot be applied directly 
to the experimental results, since rf.r, the amount of change of 
.V in the time if/, would have to he taken fairly large in order to 
obtain accurate results, and during the interval ii — .v would 
naturally have diminislicd. Better results would be obtained 
if (1 — .V were taken as the amaiy concentration during the 
interval A within which n.r of peroxide is being decomposed, 
hut even this n\ethod docs not give accurate values for The 
difliculty is got over hy integrating the equation on principles 
described in books on higher mathematics. In this way, and 
bearing in mind that, when t o, .v o, we obtain from cqua> 
tion (2) above ■ {.-s ~~ « i.’t.' r ^ 






■} 1 


1 I 1 ) ) 


( 3 ) 


Itiis, however, much more convenient to work with ordinary 
log.mthms (to the b.ssc to) than with logarithms to the base c. 
Making the. transformation in the usual way, we obtain 


- logjo OM.bKtt 

/ il — x 


(•f) 


By substituting in the above equation corresponding values of 
0, a — and / from the table (p. 2 t 1), we obtain the values of 1: 
given in the fourth column of the t.xble, the average value being 
Since k i.s constant within the limits of experimental 
error, it follows that the assumption on which the equation is 
based, that the rate of the reaction is proportional to the con* 
cent ration of the peroxide, is justilied. 

It is instructive to compare, the acvniratc value of k, obtained 
by means of the intej’.r.xtcd equation (.j), with that calculated 
from the dilTcrcntial equation (2), taking as the \‘aluc of 0 -- x 
the aver.igc value during an interval. If we choose the interval 
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between 5 and :o minutes, dx 7*3 c.c., di^ ^ minutes, and 
the mean value of ~ ar is 33*45 c-c. Hence 

^ = iX33.(5, 

and k s=s 0-0436, which is very close to the accurate average 
value 0-0437. 

A reaction of the above type, in which only one mol of a 
single substance is undergoing change, is termed a mmoUcular 
reaction or a reaction of the first order k is term ed the vefocit v_ 
constant, and is, for ummolecutar reactions, independent of the 
units in which the concentration ts expressed, but increases con* 
siderably with rise of temperature. The meaning of k becomes 
dear when we consider the initial velocity of the reaction. 
Under these cfrcurastances, the general equation 

dxjdt as i(a — x) 

becomes ** » o 04374 for the example given above. 

Otherwise expressed, the initial velocity of the reaction =* velo- 
city,constant X initial concentration 2 f, by addition of fresh 
peroxide, the concentration is kept throughout at its initial 
value, then in unit time (i minute) 00457 of a or over 4 per 
cent, of a will be decomposed 

If the integrated equation (3) is written in the form 

log a}{a — ar) e» kl, 

wc see that the left-hand side of the equation only becomes in- 
finitely great {a *= x) when t is infinitely ^eat. Hence, for 
finite values of i, x is always less than a, in other words, a 
chemical reaction, even if irreversible, is never quite complete. 

Olher Ifairaolecalar Ecactions— -Many ummolecular reactions 
have been investigated, among the more interesting being the 
hydrolysis 0/ cane sugar and of esters under the influence of 
acids. The hydrolysis of cane sugar to dextrose and Jaevulose 
is represented by the equation 

+ H .0 = C,H..O, + C.H„ 0 „ 
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\ncl !\R t!ic t\ci(i reiuiuns unaltered at the end of the reaction, 
It doc? not occur in t!ic equation. The reaction can be con- 
I’cnicntly followed by incnsurinp tlic chanpc in rotation with a 
polariinetcr (p. 75) ; a.? cane sugar is dc.vtrorotatory and the 
aiixturc of dextrose and lacvulosc laevorotatory, the rotation 
diminishes steadily ns the reaction progresses, and finally 
changes sign. 

As both sugar and water take part in the reaction, the 
cclocily equation, according to the law of mass action, i.s 

j.r r 

m 

As, however, water is present in great excess, its concentration, 
and therefore its active mass, remain practically constant 
throughout the reaction, and the equation therefore reduces to 
one of the first order, in satisf.actor>’ agreement with the ex- 
perimental results. 

Similar considerations enable us to understand why the acid 
does not appear in the velocity equation. It is true that the 
rate of the reaction depends upon the concentration of acid 
present, and this, if nccc.ssary, could be cxprc.sscd by putting in 
a term on the right-hand .side of the velocity equation. 
Pul as C,ci4 docs not change in the course of the reaction, the 
only etTocl is to multiply the right-hand side of the equation 
by a constant amount which, under ordinary circumstances, we 
may consider as included in the velocity constant l\ In the 
same way, the enryme conccntr.iiion in the e.xample quoted on 
the previous p.tge is included in the velocity constant, and the 
course of the reaction is determined by the peroxide concentra- 
tion. 

Tlic hydrolysis of an cstcr-for example, ethyl acctatc—in 
the presence of c.xcess of a strong acid, such as hydrochloric 
acid, is rc[)rcscnlcd by the equation 

CH,COOC:Hj q H,0 CH,COOH C.HjOH, 

ami is also of the first order, as the active mass of the water 
is constant, Tlic reaction may readily be followed by removing 
a portion of the reaction mixture from time to lime and titrating 
with dilute alkali. The me.tsiiremcnts may conveniently be 
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made as loUows: To 40 c.e. o£ 1/2 normal hydrochloric acid 
previously kept in a^too c.c. flask for some time at 25”, 2 c.c, of 
methyl acetate, warmed to the same temperature, is added, the 
mixture shaken, and the flask well corked and allowed to remain 
in the thermostat at constant temperature. At first every 20-30 
minutes, and then at longer intervals, 2 c.c. of the mixture is 
removed with a pipette, diluted, and titrated rapidly with N/io 
barium hydroxide, using phenolphthalem as indicator. The 
results are calculated in the usual way by substitution in equa- 
tion (1). At 25® the value of k for this reaction is 0-0032. 

It should be mentioned that it is not necessary to take for 
the value of a the initial concentration of the reacting sub- 
stance ; the calculation of the velocity constant may be com- 
menced at any stage in the reaction, or may be made from 
titration to titration. In the latter case the integrated equation 
for a reaction of the first order 1$ of the form 


where a^-Xi and a ~~ are the respective concentrations at 
the times fj, and These methods of calculation gives satis- 
factory results when, as is not infrequently the case, there are 
irregularities at the beginning or in the course of a reaction. 

Bunolecnlai Heactions — ^VVhen two substances react and both 
alter in concentration, the reaction is said to be blmolecular, 
or of the second order. If the initial molar concentration of 
one substance is a that of the other b, and x>the amount trans- 


formed in the time t, the velocity equation is 


I"" 




dx 


- - *)(^ - *) 


(0 


p The simplest case is that in which the substances are present in 
equivalent quantities. The velocity equation then becomes 


dx 


k[a — x)*, 


which, on integration, gives the formula 
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As an illustration of a bimolecular reaction, the hydrolysis of an 
ester by alkali may be adduced, a reaction which has been 
thoroughly investigated by Warder, Ostwald, Arrhenius and 
others. For ethyl acetate and sodium hydroxide, the equation 
is as follows ; — 

CHaCOOCjHj + NaOH = CHaCOONa + CjHjOH. 

In carrying out an experiment, j/20 molar solutions of ethyl 
acetate and of sodium hydroxide arc warmed separately in a 
thermostat at constant temperature (25°) for some time, equal 
volumes of the solutions arc then mixed, and from time to time 
a portion of the reaction mixture is removed and titrated rapidly 
with dilute hydrochloric acid. In the following table arc given 
some results olitaincd by Arrhenius : — 


I/so molar solution at J4'7“. 1/170 molar solution at J47', 

^ t \ t 


/(min.) 

0 ^ X 

k 

/ (min.) 

<3 — jr 

k 

0 

8-04 

— 

0 

2*31 

— 

4 

5-30 

o-oi6o 

6 

1-87 

0-0170 

6 

4*58 

o-ots6 

12 

1-57 

0-0170 

8 

3-91 

0-0164 

18 

f35 

O-OI7I 

10 

3-51 

o-oi6o 

24 

I '20 

0-0167 

12 

3-12 

0-01 62 

30 

I'lO 

0-0163 


The numbers for a — x in the second and fifth columns re- 
present the concentrations of sodium hydroxide (and of ethyl 
acetate) expressed as the number of c.c. of hydrochloric acid 
required to neutralize 10 c.c. of the reaction mixture. The 
reaction is very rapid, and therefore the experimental error 
is somewhat large but the values obtained for h in the third 
and sixth columns show that the assumptions on which formula 
(2) is based arc justified. 

Another bimolecular reaction, which differs from the former 
inasmuch as two molecules of the same substance react, is the 
transformation of benzaldchydc to benzoin under the influence 
of potassium cyanide. The reaction is represented by the 
equation 

2CcHsCHO = QHsCHOHCOC.Hj, 

the potassium cyanide remaining unaltered at the end of the 
reaction. 
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When the reacting subst 3 »ce 5 are not present in equivalent 
proportions, the calculation is somewhat more complicated. On 
integrating the equation rfr/A = — ar)(f — ar), we obtain 

for this case 

In order to illustrate the application of this equation, some 
results obtained by Reicher for the saponification of ethyl 
acetate by excess of alkali may be adduced The reaction was 
followed by titrating portions of the reaction-mixture from time 
to time with standard acid, as already described, and the excess 
of alkali was determined by titration of a portion of the solution 
after the ethyl acetate was completely saponified (at the end of 
twenty-four hours). 


/(mia.). 

a X 

(alkali eoo<»nerat)Oo). 

- X k 

(estfr ecoeeatraiiQn). 

0 

61-95 

47-03 - 

4-89 . 

50-59 

35-67 0 00 X 0 ! 

n‘36 

4i-A0 

27-48 0 00102 

29*18 

29-35 

14-43 0-00103 

cc 

M-92 

0 — 


It is important to note that the value of k for a bimolecular 
reaction is not, as the case of a unimolecular reaction, indepen- 
dent of the units in which the concentration is expressed. If, 
for example, a unit l/nth of the first is chosen, the value of 

. t X . 1 nx IX I 

fe SB _ becomes ; — - r • - , 

/ a{a — x) i na. n{a — *) I a{a — x) n 

so that the value of k diminishes proportionally to the increase 
of the numbers expressing the concentrations. The truth of 
this statement can be tested by means of the data for ester 
saponification due to Arrhenius If the titrations are made 
with acid of half the strength actually used {« 2 ), the numbers 

expressing the concentrations will be doubled, and it will be 
found by trial that the vahie of t become half that given w 
the table. 
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Trimolccular Reactions — When three equivalents take p?.rt 
in a chemical change, the reaction is termed trimolccular, and 
several such reactions have been carefully investigated. If, as 
before, we represent the initial molar concentrations of the 
reacting substances by a, b, and c respectively, and if x is the 
proportion of each transformed in the time /, the rate of reaction 
at that time will, according to the law of mass action, be repre- 
sented by the differential equation 

— x){c — x). 

Such an equation is somewhat difTicult to integrate, and we will 
therefore confine ourselves to the simple case in which the 
initial concentrations are the same. The equation then becomes 
dxjdl = k[a — ir)’, which on integration gives for k — 

k = * — x) 

, t 2 { 7 '(a — x)' 

Dificrent cases arise according as the reacting molecules are the 
same or difTcrent. The simplest case, in which the three re- 
acting molecules arc the same, is illustrated by the condensation 
of cyanic acid to cyamelide, represented by the equation 

3HCNO = H3C3N3O3. 

A c.ase where two only of the reacting molecules arc the same 
is the reaction between ferric and stannous chlorides, represented 
by the equation 

2FeCl3 -f- SnCi. = SnCl« + aFcCJj. 

Finally, tlic reaction between ferrous chloride, potassium chlorate 
and hydrochloric acid, represented by the equation 

dFcClj + KCIO3 + 6HC1 = 6FeClj + KCl -f sHjO, 

has been shown by Noyes and Wason to be proportional to the 
respective concentrations of the three reacting substances, and 
is therefore of the third order. 

As an illustration of a trimolccular change, some of Noyes’ 
results for the reaction between ferric and stannous chlorides 
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are given in the table. The reacting substances were mixed 
together at constant temperature, and from time to time a 
measured quantity of the solution was removed with a pipette, 
the stannous chloride decomposed with mercuric chloride and 
the ferrous salt still remaining titrated with potassium' per- 
manganate in the usual way. 


SnCI, 

t= FeClj = 

0 0625 normal b= a 


rfcnia.) 

a — X 

X 


0 

0-0625 

0 


1 

004816 

0-01434 

88 

3 

003664 

0-02586 

81 

7 

0 02638 

0-03612 

84 

17 

001784 

0-04502 

Sp 

2S 

001458 

0-04792 

89 


Reaction ol Higher Order. MoIecnUr Kinetic Consideia* 
Hons— Whilst reactions of the first and second order are very 
numerous, reactions of the third order are comparatively seldom 
met with, and reactions of a still higher order are practically 
unknown. This is at fint sight surpnsing, as the equations 
representing many chemical reactions indicate that a con- 
siderable number of molecules take part in the change, and a 
correspondingly high order of reaction is to be expcctci The 
Oxidation of ferrous chloride by potassium chloride in acid solu- 
tion, for example, is usually represented by the equation 
6FeCl, -f KCIO, + CHCI = 6FeCI, -f KCI + jH^O. 
Applying the law of mass action we have therefore 
^ = 4 (FeCy-[KCIO.I[HCIJ‘, 

that is, the reaction should be of the thirteenth order, whilst it 
is actually of the third order (p. 218). To account for this 
result, it has been suggested by van't Hoff that complicated 
chemical reactions take place in stages, and that the reaction 
whose speed is actually measured is one in which only two or 
three molecules take part, the velocity of the other reactions 
being very great in comparison. ITiis view is further considered 
in the next section. 
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The molecular theory throws a good deal of light on this 
question. On the assumption that the rate of chemical reaction 
is proportional to the number of collisions between the reacting 
molecules (p. 167), it follows that in a trimolecular reaction the 
three reacting molecules must collide simultaneously to produce 
a chemical change. The probability of such a collision is ex- 
tremely small compared with that between two molecules ; there- 
fore, if at all possible, the reaction will take place between two 
molecules or by the change of a single molecule. The proba- 
bility of the simultaneous collision of four molecules is so small 
as to be almost negligible. 

Reactions in Stages — It has just been pointed out that many 
reactions which are represented by rather complicated equations 
prove on investigation to be of the second or third order, which 
seems to show that the reaction, the speed of which is being 
measured, is in reality a comparatively simple one. When a 
chemical change takes place in stages, a little consideration 
shows that it is the slowest of a series of reactions which is the 
determining factor for the observed velocity. This process has 
been fittingly compared by Walker to the sending of a telegram ; 
the time which elapses between dispatch and receipt is con- 
ditioned almost entirely by the time taken by the messenger 
between receiving-office and destination, as that is by far the 
slowest in the successive stages of transmission. 

An instructive example of a reaction which takes place in 
stages is the burning of phosphorus hydride in oxygen, investi- 
gated in van’t Hoff’s laboratory by van dcr Stadt. The change 
is usually represented by the equation 

2PHs -b 4O, = P.Oj -f 3H2O, 

according to which it would be a reaction of the sixth order 
whilst the rate was actually found to be proportional to the 
respective concentrations of the tw’o gases, the rc.action being 
therefore of the second order. On allowing the gases to mLx 
gradually by diffusion, it was then found Uiat the first stage of 
the reaction is represented by the equation 

PH, -P 0 , = HPO, -f H, 

— that of a bimolccular reaction — the subsequent changes by 
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which water and phosphorus pentoxide arc produced being very 
rapid in comparison. 

Many other reactions proceed in stages, and in some cases 
evidence as to the nature of the intermediate compounds has 
been obtained. Thus the reaction between hydrobromic and 
bromic acid, usually represented by the equation 
HBrO, + sHBr = jH.O + jBr*, 

is bimolecular in the presence of excess of acid, and it is probable 
that the first stage (the slow reaction) is as follows : — 

HBrOj 4- HBr HBrO + HBrOt, 

the subsequent changes, by which bromine and water are finally 
ptoduetd, being comparatively rapid. 

It is very probable that the equations which we ordinarily 
use represent only the initial and final stages in a series of 
changes, and the determination of the " order ” of the reaction 
is one of the most important methods for elucidating the nature 
of the relatively unstable mterroediate compounds 
Determination ol the Order ol a Reaction— Three important 
methods which are largely used in determining the order of 
reactions may be mentioned here. 

(a) The Method of /ntegro/ion'-According to this method, 
the values of k given by the integrated equations for reactions 
of the first, second, and third order are calcuUted from the ex- 
perimental results, and the order of the reaction is that m which 
constant values are obtained for k The method can be applied 
to the numbers obtained for the reaction between equivalent 
amounts of ethyl acetate and sodium hydroxide, when it will be 
found that the values for k, calculated from the equation 
ift log a/{a ~ x), continually decrease throughout the reaction ; 
the values obtained with an equation of the third order continu- 
ally increase, and only for the equation 4 — i/f. xja (u — x) is k 
actually constant. The disadvantage of this method is that 
disturbing causes, such as secondary reactions or the influence 
of the reaction products on the velocity may so complicate the 
results that a decision as to the order of the reaction is im- 
possible Of an erroneous conclusion may be drawn. 

(il OstualJ’s " Isolation'* Method— It has already been 
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pointed out Hint if one or more of the re.ictinp, r.nb?tnt)ccs is 
token in prent excess, so Unit tlicir concentration docs not otter 
appreciably during the reaction, the velocity, os f.ar os these 
substances is concerned, may be regarded as constant. U i.s 
on lliis princi|)Ic tlial the " isolation " method is based. Each 
of the reading substances in turn is taken in .small concentra- 
tion ai\d all the others in excess, and the relation between the 
reaction velocity and the concentration of the riubslance present 
in small amount dctcr/nincd experiment. ally. As ;in exani/)!e, 
we will consider the reaction between potassium iodide and 
iodaie in acid solution, investigated by Dusliman.' Regarding 
the action of the acid .as due to H- ions (p. 13.}), the re.ietion 
velocity, according to the law of mass action, must be repre- 
sented by the equation 

l^r^/410/Mi'Nnt'- 

When iodide and .acid .arc used in large excess, the velocity is 
proportional to the iodatc concentration (xj =■-" l) ; with a large 
excess of iodatc and acid it is proportional to the square of the 
iodide concentration («, 2) ; and finally, when iodide and 

iodatc arc in large excess, it is proportional to the .square of 
the acid concentration («, k- 2). Hence the velocity equation 
becomes 

-- /.•[io/Kri=(H-j>. 

and when neither of the reagents is present in great c.xccss, is 
of the fifth order. 

(c) Time taken to Complete the same Fraction of the Reaction 
•"Mc.asurcmcms arc made with definite concentrations of the 
rc.acting substances, and with double and treble those con- 
centrations, and the times taken to complete a certain stage (say 
one-third) of the reaction noted. The order of the reaction 
can then be determined from the following considerations 
(Oslwakl) 

*/• Ph'ioal C/>en , 19a), 8, 453, As the t.stc of rrartion ilcss noi 
ilrpiml upon the p.irticular iwintc or itxHilc used, we employ the furiiiiilir 
for the iodnte ion 10 ,' niid the iodidr ion I', 
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(1) For a reaction ol the first order the time taken to com- 
plete a certain fraction of the reaction is independent of the 
initial concentration. 

(2) For a reaction of the second order, the time taken to 
complete a certain fraction of the reaction is inversely propor- 
tional to the initial concentration, eg., if the concentration is 
doubled, the time taken to complete a certain fraction of the 
reaction is halved 

(3) In general, for a reaction of the «th order, the times 
taken to complete a certain fraction of the reaction are inversely 
proportional to the (n — l) power of the initial concentration. 

In the experiments by Arrhenius, quoted on page 216, it will 
be noticed that in the second experiment, in which the con- 
centrations are less than J of those in the first experiment, the 
time taken to complete half the reaction is about three times 
as long in the former case as in the latter. 

Complicafed ReACtioa VelodUe#— fn the present chapter, it 
has so far been assumed that chemical reactions proceed only 
in one direction, and are ultimately complete, or practically 
so, but in many cases these conditions are not fulfilled and 
the course of the reaction is complicated The more im- 
portant disturbing causes are (a) side reactions ; (h) counter 
reactions ; (c) consecutive reactions Each of these will be 
briefly considered 

(a) Side Reactions — In this case the same substances react 
in two (or more) ways with formation of different products; in 
general the reactions proceed side by side without influencing 
each other. An example is the action of chlorine on benzene,* 
which may substitute or form an additive product according to 
the equations 

(i; CgHg + Cl, = C,H,CI -f HCI, 

(2) C,H, = 

The relative amounts of the products formed in side reactions 
depend on the conditions of the experiment, and it is usually 
possible so to choose the conditions that one of the reactions 
greatly predominates and can be investigated independently. 

* SUtor, Trjnt CAem Sx . 1903, S 3 , 729 
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ointed out that if one or more of the reacting substances is 
akcn in great excess, so that their concentration does not alter 
ppreciably during the reaction, the velocity', as far as these 
ubstanccs is concerned, may be regarded as constant. It is 
n this principle that the " isolation ” method is based. Each 
f the reacting substances in turn is taken in small concentra- 
ion and all the others in excess, and the relation between the 
eaction velocity and the concentration of the substance present 
1 small amount determined experimentally. As an e.xample, 
•c will consider the reaction between potassium iodide and 
jdate in acid solution, investigated by Dushman.^ Regarding 
he action of the acid as due to H- ions (p. 134), the re.action 
elocity, according to the law of mass action, must be repre- 
ented by the equation 

| = /:[I 03 'h[I']".[H-]'-.. 

Vhen iodide and acid arc used in large e.xcess, the velocity is 
iroportional to the iodate concentration = l) ; with a large 
xccss of iodate and acid it is proportional to the square of the 
odide concentration (wj = 2) ; and finally, when iodide and 
odatc arc in large excess, it is proportional to the square of 
he acid concentration (r;, = 2). Hence the velocity equation 
iccomes 

= /;[I03'][rj^(H-]*, 

nd when neither of the reagents is present in great excess, is 
if the fifth order. 

(c) Time taken to Complete the same Fraction of the Reaction 
-Measurements arc made with definite concentrations of the 
eacting substances, and with double and treble those con- 
entrations, and the times taken to complete a certain stage (say 
ne-tliird) of the reaction noted. The order of the reaction 
an then be determined from the following considerations 
Dstwald) ; — 

’/• C/;fn , 1904, 8, 453. As the rate of rMction does not 

:prnd upon the particular iodate or iodide used, we employ the fonnuia? 
ir tlie iodate ion 10,' and the iodide ion 1'. 
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(1) For a reaction of the first order the time taken to com* 
plete a certain fraction of the reaction is independent of the 
initial concentration. 

(2) Foe a reaction of the second order, the time taken to 
complete a certain fraction of the reaction Is inversely propor- 
tional to the initial concentration, eg., if the concentration b 
doubled, the time taken to complete a certain fraction of the 
reaction is halved 

{3) In general, for a reaction of the nth order, the times 
taken to complete a certain fraction of the reaction are inversely 
proportional to the (n — 1) power of the initial concentration. 

In the experiments by Arrhenius, quoted on page 216, it will 
be noticed that in the second experiment, in which the con- 
centrations are less than { of those in the first experiment, the 
time taken to complete half the reaction is about three times 
as long in the former ease as in the latter. 

Complicated Reaction VelocitiM— In the present chapter, it 
has so far been assumed that chemical reactions proceed only 
in one direction, and are ultimately complete, or practically 
so, but in many cases these conditions are not fulfilled and 
the course of the reaction b complicated The more im- 
portant disturbing causes are (a) side reactions ; {b) counter 
reactions ; (<) consecutive reactions Each of these will be 
briefly considered. 

[a) Side Reaclions — In this case the same substances react 
in two (or more) ways with formation of diflerent products ; in 
general the reactions proceed side by side without influencing 
each other. An example is the action of chlorine on benzene,* 
which may substitute or form an additive product according to 
the equations 

(»} C,Ha + Cl, = C,H,C1 + HCl, 

(2) C,H, + 3C1, = C,H,C1, 

The relative amounts of the products formed in side reactions 
depend on the conditions of the experiment, and it is usually 
possible so to choose the conditions that one of the reactions 
greatly predominates and can be investigated independently. 

* SUtor, Tram. CAem Sac , 1903, 83 , 729 



224 


OUTLINES OF PHYSICAL CHEMISTRY 


{b) Counter Reactions — ^This term is applied when the pro- 
ducts of a reaction interact to reproduce the original substances, 
so that a state of equilibrium is finally reached, al! the re- 
acting substances being present (p. 209). Using the same 
terminology as before, the rate of formation of an ester, for 
example, will be represented by the differential equation 

^ = fc(a - x){h -X)- k,{c + x)[d + X). 
al 

The conditions can, however, usually be chosen in such a way 
that either the direct or the reverse reaction predominates, and 
the values of k and A’j can thus be determined separately. In 
this way it has been shown experimentally by Knoblauch ’ that 
the ratio kjk = K, the equilibrium constant, as the theor>' 
requires (p. 165). 

(c) Consecutive Reactions — Consecutive reactions arc those in 
which the products of a chemical change react with each other 
or with the original substances to form a new substance or 
substances. They appear to be of very frequent occurrence 
(p. 220). A good example is the saponification of ethyl succi- 
nate, investigated by Rcichcr. It proceeds in the following two 
stages : — 

/COOCjHb 

(1) C,H,{COOCjHj), + NaOH = CjH/ -f CjHjOH, 

^COONa 

/COOC,Hj 

(2) C,h/ ‘ -f NaOH = CjHJCOONa), + C,H,OH, 

^COONa 

the product of the first rc.action, ethyl sodium succinate, re- 
acting further with sodium hydroxide to form the normal sodium 
salt. 

It is important to remember that when one of the reactions 
is verj' slow compared with the others, good constants cor- 
responding with the slow reaction are obtained, but when the 
rates are not very different, the obscrv.’ed velocity does not 
correspond with any simple order of reaction. 

' Zcitseh fhystkai. Churi., 1S97, 22, s6S. 
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CATALYSIS 

General — We have already met with instances in which the 
rate of reaction is greatly increased by the presence of a third 
substance, which itself is unaltered at the end of the reaction 
Thus cane sugar ts hydrolysed very slowly by water alone, but 
the change is greatly accelerated by the addition of acids. Such 
phenomena are termed catalytic, and the substance which exerts 
the catalytic or accelerating action is termed a catalysor or 
catalyst. Ostwald, to whom much of our knowledge of catalytic 
actions is due, defines a catalyst as “ a substance which alters 
the velocity of a reaction, but docs not appear in the end 
products." From the point of view of the quantitative treat- 
ment of reaction velocities, it is important to note that the equa- 
tions already established remain valid in the presence of catalysts, 
the only effect of the latter being to alter the value of the velocity 
constant, k. The acceleration produced by a catalyst is in the 
majority of cases proportional to the amount of the latter 
added ^ 

Characteristics o! Catalytic Actions— From the above it will 
be seen that the term catalysis does not include any explana- 
tion of the observed phenomena ; it is merely a classification of 
reactions which have certain features in common In order to 
make clear the exact beanng of the term, some characteristics 
of catalytic actions will now be adduced. 

(a) The c<Ualyst is usmlly present tn relatively small concen^ 
tralion — ^This is, of course, connected with the fact that it is 
not used up during the reaction, so that a relatively small pro- 
portion of catalyst can effect the transformation of large amounts 
of the substance acted on An apparent contradiction to this 
rule (as regards the small concentration of the catalyst) is the 
influence of the medium on the rate of reaction (p. 231), but 
this can scarcely be termed a true catalytic action. 

(J) The catalyst does not start a reaction, but only accelerates 
a change which tan proceed of itself, though perhaps extremely 
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j/d.-f/)'— AlUioiipJi Uierc is some difference of opinion with 
reniin! to (lie penernl validity of this statcincnl, it is now fairly 
widely accepted, and seems to derive support from thermodyna- 
mieal considerations. As an illustration, we may consider the 
comhination of hydropen and oxypen to form water. It is well 
known (liat the mixed pascs can be kept at the ordinary tern* 
pcraUirc for an almost iiidefmtle time without any apparent 
comhination, but when broupbt in contact with platinum lltcy 
combine fairly raindly, U mipht at first sight he supposcc! that 
tlic platinvnn aclnaliy initiates the combination. However, 
when the gases arc heated alone at -t-to”, they combine with a 
measurable velocity, and at lower Icitipcrattirc.s still combina- 
tion can be observed on long healing. Since the rate of reaction 
diminishes greatly with fall of temperature (p. 232), it can 
readily be imdcrstood tliat the rate of combination may be .so 
slow at the ordinary lemptTalurc as not to he measurable. 

Tlie alternative view is that l!ic liydrogcn and oxygen are 
not entering into combination at all at the ordinary temperature, 
that (hey arc in a condition of unstable or false c(jiiilibrium and 
tli.it the catalyst aeluaily initiates the combination. A direct 
decision between these aUcrnativc hypolliescs is difficult, but 
there is some evidence of the existence of false equilibria. 
I'or example, oxygen at fairly low pressures acts readily on 
phosphorus, but when the pressure reaches a certain value, 
which <kpends on the temperature, the reaction slops com- 
pletely, and iheic is an a))))arcnt equilibrium. The conditions 
dclcnnming tins curious i>henomenon arc not well understood. 
The limit of pressure above which oxidation does not occur 
depends on the .\mount of moisture present, and doubllc.ss also 
on the presence of Ir.iees of impurities. 

{(•) The fiieserice of a eoialyst does not eiffecl the equilihritm; 
it alters the sf'eed of the direct and i'i;('(T.cr actions to the same 
extent — Tiie truth of the first part of this statement follows at 
once from the (irincijifc of (lie conservation of energy ; provided 
(fiat (tie ca(alysi is not comfiincd with any of the products when 
the nwetion is complete, it docs not produce any eliangc in the 
energy content of the system. It lias abo been proved experi- 
mentally in many cases. Thus KUstcr found that in the rc.action 
tv|iu\H'nled by the C(jiialion 2SOj -1- Oj cSOj, the same cqui- 
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librium point was reached in the presence of such different 
catalysts as platinum, ferric oxide and vanadium pentoxide. 

The second part of the above statement, that the catalyst 
alters the speed of the direct and inverse actions to the same 
extent, is a direct consequence of the first part. It has already 
been shown that the equibbnum constant K = so that, if 
k is increased, must increase in the same ratio in order that 
K may remain constant. In accordance with this rule, Baker 
found that in the complete absence of water vapour, neither of 
the actions represented by the oppositely-directed arrows in the 
equation NH4CI NH, 4 - HCl took place, but the presence of 
moisture accelerated the dissociation of ammonium chloride, as 
well as its formation from its components. 

Examples 0! Catalytic Action. Tedmical Importance of 
Catalysis — ^There appear to be very few chemical changes which 
cannot be accelerated by the addition of certain substances, 
and many catalysts are known. Acids as a class accelerate 
many chemical changes, more particularly those of hydrolysis, 
such as the hydrolytic decomposition of cane sugar, of amides, 
esters, etc, but not of chloroacettc acid.^ As the catalytic 
power Is in general proportional to the extent to which the acid 
is split up into its ions, we ascribe the catalytic property to 
that which is common to all acids, namely, hydrogen ions. 
Only in dilute solution is there exact proportionality between 
hydrogen ion concentration and catalytic power. In stronger 
solutions, for a reason as yet unexplained, the catalytic activity 
increases more rapidly than the hydrogen ion concentration 
Bases in some cases also exert a catalytic effect, as in the 
condensation of acetone to diacetonylalcohol, represented by 
the equation 

2CH3COCH3 = CHjCOCHiCfCHjljOH ; 

in this case the acceleration is proportional to the OH' ion 
concentration. Bases have also a powerfully accelerating action 
m certain isomeric changes of organic compounds.* 

The rare metals, more particularly finely-divided platinum, 
also accelerate many chemical reactions, especially oxidation 

‘ Senter, Trent, Chtm. Settefy, 1907, 91, 460. 

* Lowiy and Magson, Trans, Cksm. Sotxtty, 190S, 93, 107. 


228 


OUTLINES OF PHYSICAL CHEMISTRY 


reactions. Thus platinum is used commercially in the manu- 
facture of sulphuric acid as a catalyst for the reaction 250, -|- 
Oa = 2SO3, as well as in the o.Kidation of methyl alcohol to 
formaldehyde and of ammonia to nitric acid. Hydrogen and 
oxj'gcn also combine to form water at the ordinary temperature 
in the presence of finely-divided platinum, and the same catalyst 
also accelerates the splitting up of hydrogen peroxide into water 
and oxj'gcn. The latter reaction has been investigated fully 
by Brcdig and his pupils, who used the platinum in so-called 
“ colloidal " solution. The solution was obtained by passing 
the electric arc between platinum poles immersed in cold 
water ; under these circumstances the metal was torn from tlic 
poles and remained suspended in the water in a very finely- 
divided condition (p. 239). 

Another interesting catalyst is water vapour. It has been 
found, for e.xample, that thoroughly dried carbon monoxide docs 
not burn in thoroughly dried air, but when a trace of moisture 
is present, combination takes place at once. Reference has 
already been made to the fact that in the complete absence 
of moisture ammonium chloride can be volatilized without 
dissociation, and under the same circumstances ammonia and 
hydrogen chloride do not combine. As the water does not 
occur in the equation, it acts as a catalytic agent, but its mode 
of action is quite unknown. 

The importance of catalysis for technical processes will be 
clear from the above. Many important technical reactions are 
very slow, and the mixture has to be kept for a long period at 
a high temperature to complete them, which adds much to the 
cost of production. By using a suitable catalyst, the reaction 
may be completed at a much lower temperature, and in a much 
shorter time. As an illustration, the oxidation of naphthalene 
to phthalic acid by means of sulphuric acid — an important step 
in the manufacture of indigo — may be referred to. Under 
ordinary circumstances, the reaction is slow even at high tem- 
peratures. Owing to tlie accidental breaking of a thermometer 
on one occasion when the reagents were being heated together 
a little mercury fell into the mixture, and the observation that 
the reaction then proceeded much more rapidly led to the dis- 
covery' that mercury was a catalyst for the reaction, and the 
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whole process was thus rendered commercially successful.* The 
use of copper salts in the Deacon process — production of 
chlorine by oxidation of hydrogen chloride with free oxygen — 
and of oxides of nitrogen in the manufacture of sulphuric acid, 
are other examples of technical catalysis. 

Biolt^cal ImportanM ot Calaly^. Enzyme Reactions— 
Catalysis is also of great importance in physiology and allied 
subjects, as the majority of the changes taking place in the 
living organism are accelerated by those organic catalysts — 
the enzymes. When Berzelius brought forward the concep* 
tion of catalysis, he adduced among other illustrations the 
hydrolysis of cane sugar by mvertase, and the hydrolysis of 
starch in the presence of an extract of malt It is now generally 
recognized that these and allied changes, such as alcoholic 
fermentation of certain sugars, are due to the action of catalysts 
of animal or vegetable origin which can be separated from the 
living cells without losing their activity, and which are termed 
enzymes. 

In recent years much progress has been made with the 
investigation of enzyme reactions, and although little or nothing 
is known as to the nature of the catalysts themselves, no 
enzyme having so far been isolated m a state of purity, the laws 
followed by many enzymes have been satisfactorily elucidated. 
In general it may be said that enzymes behave like inorganic 
catalysts, but there are certain characteristic differences. Just 
as in the case of an ino^nic catalyst, the acceleration pro- 
duced by an enzyme is in the first instance proportional to its 
concentration. The dependence of the speed of the reaction 
on the concentration of the substance acted on is, however, 
not so simple To take a typical illustration, the rate of 
hydrolysis of cane sugar in the presence of a constant concen- 
tration of invertase increases with the concentration of the sugar 
in dilute solution, but beyond a certain concentration of sugar, 
further addition of the latter has no effect on the rate of the 
reaction. In contrast to this behaviour, the rate of inversion 
of cane sugar in the presence of a constant concentration of 
acid increases with the sugar concentration as far as the reaction 
has been followed. 


‘ BerttMt, 1900, 33, Appendix. 
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As in the ease of other catalysts, we may expect that tlie 
enzyme will accelerate both the direct and inverse actions 
when the reaction is reversible. The experiments of Croft Hill, 
Emmcrling, Kastle ^ and others, have shown that this expecta- 
tion is justified. 

Mcclianisni of Cattilysis — ^Thc nature of catalysis becomes 
somewhat clearer when we represent reaction velocity, in a 
manner analogous to Ohm’s law, by means of the equation 


Velocity = 


Driving force 
Resistance 


The driving force of a chemical reaction is the same thing as 
the free energy of the system (p. 157) ; of the resistance little 
or nothing is known. It is clear from the above equation that 
the velocity can be altered in two ways, by increasing the 
driving force and by lessening the resistance. A catalyst can- 
not to any extent affect the amount of energy in the system, 
and we must therefore assume that in some way it increases 
the velocity by diminishing the resistance. Ostwald compares 
the action of a catalyst to that of oil on a machine, and it is 
evident that the analogy is far-reaching. 

It may be asked whether all catalytic accelerations arc due 
to a common cause. This is very unlikely ; it is much more 
probable that the mechanism of the acceleration varies with 
the nature of tlic catalyst and with that of the reacting sub- 
stances. 7 he suggestion of Liebig, that the catalyst sets up 
certain molecular vibrations which Ic.id to chemical changc.s, 
has proved quite unfruitful. So-called explanations of this 
nature, though often employed even at the present day, arc 
bad in principle, as we know very little of the nature of molecular 
vibrations. It is, however, quite justifiable to inquire into the 
mechanism of catalytic actions, in so far as it can be elucidated 

* K.astle nnd Locvcnliart hn%‘c shown ihnt the rcaction.s reiirc-scnlcd hy 
the ui>iicr nnd lower nrrows in the equation 

CjUjOH -f c,u,coon jir c,h,cooc,Hs -j- 11,0 

ffornintion nnd hyiirolyfis of ctliyl butyrate) nre both ncccler.itcJ by lipas', 
the cnr\-nic wiiich cifccOi the liydrolj-si.s of f,its (Antrr. Chfm. 1000, 2 ^, 

491). 
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by experimental investigation, and in recent years some light 
has been thrown on this subject. 

An explanation of catalytic acceleration which is much 
favoured is that it depends on the formation of intermediate 
compounds of the catalyst with the reacting substances. A 
reaction represented by the equation A + B = AB may pro- 
ceed very slow/y directly, but in the presence of a catalyst C it 
may proceed in the following two stages : — 

(«i)A + C = AC; (ft) AC4- B = AB-f C, 
much more rapidly to the same final products. For example, 
it is known that the reaction SO, 0 = SO, is a slow one, 
and the accelerating effect of nitnc oxide on the combination 
may be represented in the following stages 

(a) NO + 0 e NO, ; (i) SO, + NO, « SO, + NO. 

This explanation of the action of the oxides of nitrogen was 
suggested more than a century ago by Clement and Desormes, 
and remains the most plausible one at the present day. It is 
possible that the finely-divided metals act as catalytic agents 
mainly in a physical manner. In virtue of their large surface, 
these metals condense gases and to some extent dissolved sub- 
stances, and the local increase of concentration thus produced 
must greatly increase the rate of chemical change Similar 
considerations may explain the catalytic effect of certain 
enzymes. A chemical explanation of the action of finely- 
divided metals and of enzymes — based on the formation of 
intermediate compounds — is, however, to be preferred. 

Nature of the Udediom— The rate of a chemical change de- 
pends greatly on the nature of the medium in which it takes 
place, but the way in which the influence is exerted is quite 
unknown. The most complete data on this subject are due 
to Menschutkin, who determined the rate of combination of 
triethylamine and ethyl iodide, represented by the equation 
(C,H,),N + C,H,l = (C,H,),NI 

in more than twenty solvents at lOO*. A few typical results 
are given in the accompanying table, in which k, as usual, 
represents the velocity constant: — 
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Solvent. a. Dielectric Osnstant. 


Hexane 

. 0-0001 8 

I -86 (12-3') 

Ethyl ether . 

. 0000757 

, 4-36(18'’) 

Benzene 

. 0-00584 

2-26 {19°) 

Ethyl alcohol 

. 0-0366 

21-7 {is°) 

Methyl alcohol 

. 0-0516 

32-5 (16°) 

Acetone 

. 0-060S 

21-8 (15”) 


It will be seen that the rate varies enormously with change of 
medium ; thus the ratio of the velocities in hexane and acetone 
is approximately i ; 340. 

It is interesting to inquire whether there is any other pro- 
perly of the different media which is parallel to the effect on 
the reaction velocity. It was suggested on theoretical grounds 
by J. J, Thomson, and somewhat later by Nernst, that the 
“ dissociating power of the medium ” must be greater the 
higher its specific inductive capacity or, to use the more 
modern term, its dielectric constant. The diele'''tlc constants 
of the media are given in the third column 0' , , . J.ablc, and 
it will be seen that there is a distinct parallf.!'- • >h not 
direct proportionality, betw’cen dielectric const.. ■ ' 
velocitv. This ouestion will be atrain referred (r. ' '■ 
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at high temperatures it proceeds with explosive rapidity. It 
has already been pointed out that rise of temperature does 
not usually affect the form of the velocity equation ; it can be 
represented simply as altering the magnitude of the velocity 
constant. The more important facts in this connection are well 
illustrated in the following table, which represents the effect of 
temperature on the magnitude of the velocity constant for the^ 
unimolecular reaction between dibromosuccinic acid and water, 
represented by the equation 

C,H,Br,(COOH), = C,HBr(COOH)j + HBr. 

Temperature i (bme in minutes). Temperature i (time in minutes). 

15* 0-00000967 70-1® 000169 

40“ 0-0000863 800® 0 DO46 

50® 0-000249 89-4* 00156 

60*2* 0000654 lOI'O* 0-0318 

The table shows (1} that the velocity increases enormously 
with rise of temperature ; at 15® and lOi® the relative rates are 
in the ratio 000000967.00318 or 1:3300; [2) the ratio 
for a rise of 10® is approximately the same at different tem- 
peratures, thus = 2*72, = 2 88. It is impor- 

tant to remember that the rate of most chemical reactions, as 
in the above example, is doubled or trebled for a rise of 10°. 
This is shown in the accompanying table, which gives the quo- 
tient for 10® icrAi) for a few typical chemical reactions * 

‘ The third column contains the average value of the quotient for to‘ be- 
tween the temperatures of obscrvatioii. As data are not alwavs available 
at intervals of lO*, the average value o( ii+itrlii may be calculated approxi- 
mately from the equation 

“ A(T, - T,) 

whete if and i, are the veloaty constants at the temperatures T| and T, 
respectively. (See next section ) Hus equation gives us the value of A, 
and the quotient for lo” is given by 

logj# (*i + io)fh — «QA or - to”* 

As an example, we will work out the quotient foe 10® for the inversion of 
cane sugar from the data given in tbe table. Log,s 35 5 — log,, 0-765 is 
1-66657 and as T, — T, — 30* we obtain A — 0 05555 Hence 

logi, (■*i+io)/'*« “ 0-5SS5 “d •• 3 60 approximately. 
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Solvent. Jt. Dielectric Constant. 

Hexane . . o-oooiS l'86 (12-3°) 

Ethyl ether . . 0-000757 4 - 3<5 (l8”) 

Benzene . . 0-00584 2-26(19') 

Ethyl alcohol . 0-0366 21-7 {15') 

Methyl alcohol . 0-0516 32-5 (16') 

Acetone . . 0-0608 21-8 (15') 

It will be seen that the rate varies enormously with change of 
medium ; thus the ratio of the velocities in hexane and acetone 
is approximately i : 340. 

It is interesting to inquire whether there is any other pro- 
perty of the different media which is parallel to the eficct on 
the reaction velocity. It was suggested on theoretical grounds 
J- J- Thomson, and somewhat later by Nemst, that the 
" dissociating power of the medium ’’ must be greater the 
higher its specific inductive capacity or, to use the more 
modern term, its dielectric constant. The dielectric constants 
of the media are given in the third column of the table, and 
it will be seen that there is a distinct parallelism, though not 
direct proportionality, between dielectric constant and reaction 
velocity. This question will be again referred to at a later stage. 

Even a small change in the medium has sometimes a re- 
markable effect on the rate of reaction. Thus it has recently 
been shown that the rate of reaction between pure sulphuric 
acid and oxalic acid is reduced to i/iy of its original value 
by the addition of o-i per cent, of water to the reaction mixture. 

On the other hand, a considerable alteration in the medium 
may have very little effect on the velocity. Thus the rate of 
reaction betw-een chloracetic acid and silver nitrate, represented 
by the equation 

CHjClCOjH -f AgNOj + H ,0 = CH,OHCOjH + AgCl + HNO3 

is practically the same in water and in 45 per cent, alcohol. 

Influence of Temperature on the Rate of Chemical Reaction—' 
It is a matter of common experience that the rate of chemical 
reactions is greatly increased by rise of temperature. Thus 
the combination of hydrogen and oxygen is so slow at the 
ordinary temperature that it cannot be detected (p. 226), but 
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at high temperatures it proceeds with explosive rapidity. It 
has already been pointed out that rise of temperature does 
not usually affect the form of the velocity equation ; it can be 
represented simply as altering the magnitude of the velocity 
constant. The more important facts in this connection are well 
illustrated in the following tabic, which represents the effect of 
temperature on the magnitude of the velocity constant for the ^ 
unimolecular reaction between dibromosuccinic acid and water, 
represented by the equation 


CjH,Br,(COOH), = CjHBr(COOH), + HBr. 
Temperature 4 (time in minutes). Temperature, i (time in mmutes). 
15® 0-00000967 70* 1® 0-00169 

40® 0 0000863 800® 0 0046 

50® 0-000249 89*4® 0-0156 

60-2® 0000654 I0!*0® 0'03l8 


The table shows (i) that the velocity increases enormously 
with rise of temperature ; at 15® and 101® the relative rates are 
in the ratio 0-00000967 : 0-0318 or i ; 3300 •, {2) the ratio 
for a rise of 10® is approximately the same at different tern* 
peratures, thus = 272, =* 2 88 It >s impor- 

tant to remember that the rate of most chemical reactions, as 
in the above example, is doubled or trebled lor a rise 0! 10®. 
This is shown In the accompanying table, which gives the quo- 
tient for 10® (Aj + xo-/*,) for a few typical chemical reactions.^ 


' The third column contains the arerage value of the quotient for to® be- 
tween the temperatures of obseivatiim. As data are not always availabU 
at mtervals of 10®, the average value ol ittvt'lAi may be calculated approxi- 
mately from the equation 

logw*i — log,^, — A(T, - TO 

wheie i, and .f, are the velocity constants at the temperatures T| and T, 
resperttvely. (See next lection.) This equation gives us the value of A, 
and the quotient for 10* is given 

logit (*M lolMl — loAor^^ « lo'"* 

*1 

As an example, we will work out the quotient for lo® for the inversion of 
eane sugar from the data given in the table. Logj^ 35-5 — iog,g 0-765 is 
I 66657 and as T, — T, — 30* we obtain a •• 0-05555 Hen« 

“ O’SSSS “td »» 3 60 approximately. 
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Solvent. 
Hexane 
Ethyl ether . 
Benzene 
Ethyl alcohol 
Methyl alcohol 
Acetone 


a. 

. o-oooiS 

. 0-000757 

. 0-00584 
. 0-0366 
. 0-0516 
. 0-0608 


Dielectric Constant. 
1-86 

4-36(18'’) 

2-26 (19'’) 

21-7 (15”) 

32-5 (16°) 

21-8 (I5“) 


It will be seen that the rate varies enormously with change of 
medium ; thus the ratio of the velocities in hexane and acetone 
is approximately i : 340. 

It is interesting to inquire whether there is any other pro- 
perty of the different media which is parallel to the effect on 
the reaction velocity. It was suggested on theoretical grounds 
by J- J- Thomson, and somewhat later by Nernst, that the 
" dissociating power of the medium ” must be greater the 
higher its specific inductive capacity or, to use the more 
modern term, its dielectric constant. The dielectric constants 
of the media are given in the third column of the table, and 
it will be seen that there is a distinct parallelism, though not 
direct proportionality, between dielectric constant and reaction 
velocity. This question will be again referred to at a later stage. 

Even a small change in the medium has sometimes a re- 
markable effect on the rate of reaction. Thus it has recently 
been shown that the rate of reaction between pure sulphuric 
acid and oxalic acid is reduced to 1/17 of its original value 
by the addition of o-i per cent, of water to the reaction mixture. 

On the other hand, a considerable alteration in the medium 
may have very little effect on the velocity. Thus the rate of 
reaction between chloracctic acid and silver nitrate, represented 
by the equation 


CHjClCOiH + AgNOa + H.O = GHjOHCO^H + AgCl + HNO, 

is practically the same in water and in 45 per cent, alcohol. 

InflaencQ 0! Temperature on the Rate of Chemical Reaction—' 
It is a matter of common experience that the rate of chemical 
reactions is greatly increased by rise of temperature. Thus 
the combination of hydrogen and oxygen is so slow at the 
ordinary temperature that it cannot be detected (p. 226), but 
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Formula connecting Reaction Velocity and Temperature— 
As has already been pointed out (p. 173), the law connecting 
the displacement of equilibrium with temperature is known. 
So far, howe%'er, no thoroughly satisfactory formula showing 
the relationship of rate of reaction and temperature has been 
established, although many more or less satisfactory empirical 
formula have been suggested. If the relationship which has 
been shown to hold approximately for the rate of decomposition 
of dibromosuccinic acid — that the quotient for 10" is the same 
at high as at low temperatures — ^holds in general, the equation 
connecting k and T must be of the form 

dClog.Jt)//r = A 

where A is constant. On integration, this becomes 
log* = AT+ B. 

B being a second constant. This formula bolds for the decom- 
position of nitric oxide and for certain other reactions, but is 
not generally valid. As a matter of fact, the quotient k,^iolki 
generally diminishes with rise of temperature. An equation 
which ^es account of this has been proposed by Arrhenius ; 
in its integrated form the equation is as follows 

Iog*= _ A/T+ B. 

For two temperatures, T, and Tj, for fl.hich the values of the 
velocity constant are k^ and respectively, the above equation 
becomes 

and when A is known (from two observations) the velocity 
constant for any other temperature can be calculated. 

Arrhenius showed that the above empincal equation repre- 
sents satisfactorily the inSuence of temperature on the rate of 
hydrolysis of cane sugar and on certain other reactions, and it 
has since bee*n employed by many other observers with fairly 
satisfactory results. A is a constant for any one reaction, but 
differs for different reactions. 
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Reaction. 

Velocity Constants, 

Qcolient 
tor to*. 

AsH, ■=• As -f- 3H . 

zKO •= N, + 0 , . 

CH.COOC.H, + NaOH 
CH.ClCOONa + NaOH 
CHjClCOONa + H ,0 . 
C,H(ONa + CH,I 
Inversion of cane suppr . 
H, 0 , - H ,0 -i- 0 . 
Fermentation by yeast 

»» II • 

^,S, - 0 - 0003 S 

“ 39 63 
^,•4 " 2-307 

•- o-oooSg 
iio *=■ 0-000042 
“ 0 00336 
^»5 “ 0-765 

/tc, •=■ 0-0120 

10-20“ 

30-40“ 

*^307 « O‘0o34 
^13t7 “ 

21*648 
^107 ■“ 0-015 
^,0 « 0-00x70 
^30 ** 2*125 

35 ’S 

^10 ” o*oiSo 

J -23 

1-17 

1- Sq 

2- s' 

3 - 2 

3-34 

3-6 

J -5 

3 -S 

1-6 


The quotient for lo° for reactions in solvents other than 
water is also between 2 and 3 in the majority of cases. 

According to the molecular theory, rise of temperature ought to 
increase the rate of chemical change, owing to the accelerating 
effect on molecular movements. This effect, however, would 
only increase proportionally to the square root of the absolute 
temperature (p. 38), and it can easily be calculated on this basis 
that the quotient for 10® for a bimolccular reaction at the ordin- 
ary temperature would be about 1-04, much too small to account 
for the large temperature coefficient actually observed. Up to 
the present, no plausible explanation of the great magnitude of 
the temperature coefficient of chemical reactions has been given. 
The only other property which appears to increase as rapidly 
with temperature is the vapour pressure, and it is not improbable 
that there is a close connection between vapour pressure and 
chemical reactivity. 

At moderate temperatures the temperature coefficients of 
enzyme reactions arc approximately the same as those of 
chemical reactions in general, but at temperatures in the neigh- 
bourhood of 0°, the rate of change of k with the temperature 
is often abnormally high, as the table shows. 

It is interesting to note that the rate of development of 
organisms, for example, the rate of growth of yeast cells, the 
rate of germination of certain seeds, and the rate of develop- 
ment of the eggs of fish, is also doubled or trebled for a rise 
of temperature of 10®, and it has therefore been suggested that 
these processes are mainly chemical. 
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Formnlffl connecting Reaction Velodty and Tempeiatnie— 
As has already been pointed out (p. 173), the law connecting 
the displacement of equilibrium with temperature is known. 
So far, however, no thoroughly satisfactory formula showing 
the relationship of rate of reaction and temperature has been 
established, although many more or less satisfactory empirical 
formula: have been suggested. If the relationship which has 
been shown to hold approximately for the rate of decomposition 
of dibromosuccinic acid — that the quotient for 10* is the same 
at high as at low temperatures — holds in general, the equation 
connecting k and T must be of the form 

d{Iog« k)f£T =a A 

where A is constant. On integration, this becomes 
log i « AT + B, 

B being a second constant. This formula holds for the decom< 
position of nitric oxide and for certain other reactions, but is 
not generally valid. As a matter of fact, the quotient kt^io/kt 
generally diminishes with rise of tempeiature. An equation 
which takes account of this has been proposed by Arrhenius ; 
in its integrated form the equation 1$ as follows 

log i — A/T + B. 

For two temperatures, Tj and Tj, for which the values of the 
velocity constant are k^ and respectively, the above equation 
becomes 

loE.i.-log.t, = A(±-^), 

and when A is known (from two observations) the velocity 
constant for any other temperature can be calculated. 

Arrhenius showed that the above empirical equation repre- 
sents satisfactorily the influence of temperature on the rate of 
hydrolysis of cane sugar and on certain other reactions, and it 
has since beeh employed by many other observers with fairly 
satisfactory results. A is a constant for any one reaction, but 
differs for different reactions. * 
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Practical niastrations — As the rate of chemical reactions 
alters so greatly with change of temperature, it is necessary in 
accurate experiments to work in a thermostat provided with a 
regulator to keep the temperature constant. For purposes of 
illustration, however, sufficiently accurate results can be obtained 
by using so large a volume of solution that the temperature 
does not alter appreciably during the reaction. 

Unimolccnlar Reaction, (n) Decomposition of Hydrogen Per- 
oxide^ — ^To 200 c.c. of a mixture of one part of defibrinated 
ox-blood and 10,000 parts of water, an equal volume of about 
i/ioo molar hydrogen peroxide {0-34 gram per litre) is added, 
and the mixture shaken. At first every ten minutes, and then 
at longer intervals, 2$ c.c. of the reaction mixture is removed 
with a pipette, added to a little sulphuric acid, which at once 
stops the action, and titrated with i/ioo normal potassium 
permanganate. If pure hydrogen peroxide is not available, 
the commercial product should be neutralized with sodium 
hydroxide before use. 

Another portion of the original hydrogen peroxide solution 
should be titrated with permanganate, and if the reacting 
solutions have been measured carefully, the initial concentration 
in the reaction mixture may be taken as half that in the original 
solution. 

The observations should be calculated by substitution in the 
formula ijt log aja — x — 0-4343 valid for a unimolecular 
reaction. 

A corresponding experiment may be made with double the 
peroxide concentration, in order to illustrate the fact that the 
time taken to complete a certain fraction of the reaction is 
independent of the initial concentration. 

[b) Hydrolytic Decomposition of Cans Sxtgar in the Presence 
of Acids — Equal volumes of a 20 per cent, solution of cane 
sugar and of normal hydrochloric acid, previously warmed to 
25°, arc mi.xcd, the observation tube of a polarimcter is filled 
with the mixture, and an observation of- the rotation taken as 
quickly as possible. The polarimcter tube is then immersed 

‘ Senior, Zeitsch. physikal. Ckfm., 1993, 44 , 257. The amount of or- 
ganic matter is so small that the error in titration clue to iw reducing action 
on permancanate is neclicible. 
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in a thermostat at 25°, and kept in the latter except when 
readings of the rotation are being made. In order that it may 
be conveniently immersed in a thermostat, the polarlmeter tube 
is provided with a side tube, through which it is filled, and the 
end of which is not immersed. To prevent alterations while 
readings are being made, the tube is provided with a jacket 
filled with water at the temperature of the thermostat. 

Several chemists have described arrangements according to 
which the tube remains in the polarimeter throughout an ex- 
periment, the temperature being kept constant by passing a 
stream of water at constant temperature through the jacket 
of the polarimeter tube.* With rapid working, however, the 
simpler method described above gives excellent results. 

If it is convenient to make an observation after the reaction 
is complete (say 24 hours), the total change of reading is taken 
as 0 in the formula for a ummolecular reaction, and the differ- 
ence of the initial reading and that of the time, /, is proportional 
to X, the amount of sugar split up. If the reaction is not 
complete in a reasonable time, the final reading can be calcu- 
lated from the fact that for every degree of rotation to the right 
in the original mixture, the wholly inverted mixture will rotate 
0*3:5® to the left at 25®. 

(c) Hydrolysis of Ethyl Aeetale in the Presence of Hydrochloric 
Acid — ^The method of expenmeot m this case has already been 
described (p. 215). 

Bimolecular Reaction, [a) The rate of reaction is proportional 
to the concentration of each of the reacting substances — ^This state- 
ment can be illustrated very satisfactorily by a method described 
by Noyes and Blanchard, and depending upon the fact that 
the time taken to reach a certain stage of a reaction is inversely 
proportional to its rate. 

In a two-litre flask a mixture of :6oo c.c. of water, 50 c.c. 
half-normal hydrochloric arid and 20-30 c.c. of dilute mucilage 
of starch is prepared, and 400 c.c. of this mixture is placed 
in each of 4 half-litre flasks of clear glass, standing on white 
paper. For comparison, a fifth half-litre flask contains 400 
c.c. of water, 10 c.c. of starch solution, and sufficient of a n/ioo 
solution of iodine to give a blue colour of moderate depth. 

Lowry, Trane Farttd^, Soculjf, 1907,3, II9 
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Half-normal solutions of potassium bromate (7 grams per 
half-litre) and of potassium iodide are also prepared. To the 
flasks I. and II. 5 c.c. of the bromate solution is added, and to 
III. and IV. 10 C.C. of the same solution. Then at a definite 
time, 5 c.c. of the iodide solution is added to flask L, the 
mixture rapidly shaken, and the lime which elapses until the 
solution has the same depth as the test solution carefully noted. 
Then to flasks II., III., and IV. arc added successively 10 c.c., 
S C.C., and 10 c.c. of the iodide solution, and the times required 
to attain the same depth of colour as the test solution carefully 
noted in each ease. If a: is the time required when 10 c.c. of 
each reagent is used, 2x will be the time required when 10 c.c. 
of one solution and 5 c.c. of the other is used, and 4x when 
5 c.c. of each solution is used. 

If for some reason the reactions arc too rapid, the strengths 
of the bromate and iodide solutions should be altered till 
intervals convenient for measurement arc observed. 

{b) Quantitative measurement of a bmolecular reaction — ^Thc 
rate of reaction between ethyl acetate and sodium hydroxide may 
be measured as described on a previous page. From a practical 
point of view, however, the measurement presents certain draw- 
backs because it is difhcult to prepare a solution OT sodium hy- 
droxide free from carbonate and also to prevent absorption of 
that gas from the air during the experiment. A reaction * free 
from these disadvantages, which is very rapid in dilute solution, 
is that between ethyl bromoacctatc and sodium thiosulphate, 
represented by the equation 

CHjBrCOOCjIlj f-Na-SjO, = CHj(NaS303)C00C2H5-fNaBr. 

The rate of the reaction can readily be followed by removing a 
portion of the reaction mixture from time to time and titrating 
with nj 100 iodine, which reacts only with the unaltered thio- 
sulphate. 

300 c.c. 6f an approximately 1/60 normal solution of sodium 
thiosulphate is added to an equal volume of a dilute aqueous 
solution of ethyl bromoacctatc (2-2-1 grams per litre) in a 
litre flask, the mixture shaken and tl)c flask closed by a cork. 

* Slalor, Trans. Chtm. Society, 1905, 67 , 484. 
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At first every 5 minute^ and then every jo or 15 minutes, 
50 C.C. of the reaction mixture « removed with a pipette and 
titrated rapidly with ttfioo iodine, using st.arch as indicator. 
Seven or eight such titrations are made, and then, after an 
interval of 5-6 hours, when the reaction is presumably complete, 
a final titration is made in order to determine the excess of 
thiosulphate remaining. Hic initial concentration of thio- 
sulphate, expressed in c.c. of the iodine used in titrating the 
mixture, can be obtained by titrating part of the original 
thiosulphate solution, and the initial concentmtion 0/ bromo- 
acetate in the reaction-mixture is clearly equivalent to the 
amount of thiosulphate used up The case is exactly analogous 
to that quoted on page aty, in which the sodium hydroxide is 
in excess, and the value of k may be obtained by substitution 
in equation (3), p- 31 ? 

Cclalylie AcUens — The decomposition of hydrogen peroxide 
by blood and of cane sugar in the presence of acids are ex- 
amples of catalytic actions Hydrogen peroxide can also be 
decomposed by a colloidal solution of platinum, which may be 
prepared as follows (Bredig) Two thick platinum wires dip 
into ice-cold wafer, and a current of about 10 amperes and 
40 volts is employed When the ends of the wires are kept 
1-3 mm. apart, an electric arc passes between them, particles 
0/ platinum are torn off and remain suspended in the water. 
The solution is allowed to stand for some time, and filtered 
through a close filter. It represents a dark-coloured solution 
in which the particles cannot be detected with the ordinary 
microscope. A very dilute solution may be used to decompose 
hydrogen peroxide, and the reaction may be measured as 
described above when blood is employed. 

Catalytic Action of This may be illustrated by its 

effect on the combustion of carbon monoxide in air, which 
docs not take place in the entire absence of water vapour 
Carbon monoxide is prepared by the action of strong sulphuric 
acid on sodium formate and is carefully dned by pacing 
through two wash-bottles containing strong sulphuric acid, and 
finally through a U tube containing phosphorus pcntoxjdc. 
Some time before the experiment is to be tried, a little strong 
sulphuric acid is put ia the bottom of a wide-mouthed bottle 



240 


OUTLINES OF PHYSICAL CHEMISTRY 


with a close-fitting glass stopper, and the bottle allowed to 
stand, tightly stoppered, for some time. 

The carbon monoxide issuing from the apparatus burns 
readily in air, but is immediately extinguished if the wide- 
mouthed bottle is placed over it. If, however, a small drop of 
water is placed in the tube whence the gas is issuing, the gas 
will continue to burn when the bottle is placed over it. 



CHAPTER X 


ELECTRICAL CONDUCTIVITY 

Electrical CoDctactiTit;. Gcceial — From very early times it 
was noticed that electricity can be conveyed in two ways : 
(l) In conductors of the first class, more particularly metals, 
without transfer of matter; (2) in conductors of the second 
class — salt solutions or fused salts — ^with simultaneous decom* 
position of the conductor We are here concerned only with 
conductors of the second class, but the use of the terms em- 
ployed in electrochemistry may be illustrated by reference to 
conduction in metals. 

For conductivity in general, Ohm’s law holds, which may be 
enunciated as follows • The strength of the eleetrie current 
passing through a conductor ts proportional to the difference 
of potential between Ike two ends of the conductor, and inversely 
proportional to the resistance of the latter Strength of current 
is usually represented by C, difference of potential or electro- 
motive force by E, and resistance by R ; Ohm's law may there- 
fore be written syrabolfcally as follows : — 



The practical unit of electrical resistance is the ohm, that of 
electromotive force the volt, and that of current the ampere. 
The strength of an electnc current can be measured in various 
ways, perhaps most conveniently by finding the weight of silver 
liberated from a solution of silver nitrate in a definite interval 
of time. An ampere is that strength of current which in one 
second will deposit 0001118 gram of silver from a solution of 
silver nitrate under certain definite conditions. Quantity of 
electricity is current strength x time ; the amount of electricity 
16 241 
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wliieli i)a;:.'c:! in one .•'.cooiicl with a cnrrcnl .‘iliciurli of l 
is rniitoiiil’. When tlicrc is a dilTcioiicc of potentia! of 
I volt l)ctwc'cn two ends of a condnclor, ami a cnrrcnl of 
1 ampere is passing tlirouj’h il, the resistance, of the con<hictor 


i.s J ohm. 

The resistance of a metallic rominctor i.s projnirtional to it.s 
lrn|;lh and invcr.sely proportional to it.s cros.s-.section. Hence 
if / is the lcn(;lh and i tlic ero.ss-seclion, the rc.sislanec U i.s 

(’iven hy K p , wlicrc p i.s a constant depentlinf; only on the 

material of the condnetor, the temperature, etc., and I.s termed 
the specific u'sistAwe. If both I and J arc equal to unity 
(i cm.) the resistance i.s etpial to p. The .specific resistance, p, 
of a condnetor is therefore the resistance in olims which a cm. 
ciil'C of it offers to the passage of elect ricity. If there is a 
dil'fetcnrc of potential of t volt between two .sides of the cidio, 
ami the cunenl winch passes is J amjjcre, the specific resistance 
of the cube is, by Ohm's law, f- i. A condnetor of low resist- 
ance is said to liavc a hijjli electrical comhictivity, that is, it 
re.idily allows electricity to p.ass. Cominctivily is therefore llic 
convcr.se of resistance, and specific coiiductirily, k - l/p, where 
p is specific rcsistaiiec. Specific coiuhictivity is measured in 
reciprocal ohms, sometimes termed mhos. In order to ilhisir.ito 
ttic niapnitmlc of these factors, the specific resistance and the 
specific conductivity of a few lypic.xl subst.vnres at l8° arc {pven 
in the table 


30 pfr ffnt, 

Sulnltouf. Silver. Copper. Mrrmrp. (Im cjtrl'On, nulphuric 

Kci!. 

Pp te.'.btnm-e, (> oixxvxiKi o-(\>.x>oi7 ooexxv) 0’0(\i;o 0'7.( 

Sp. ctiniliii.livily. « <>3.),txx) 5S7,o<xi lo.l^o 200 l'.t5 


Silver has tlie hij’licst conductivity of all known siihstance.s ; 
p.is carbon is a cornpacatively poor conductor; and 30 per 
cent, sulphnrii^ acid, one of the best condncliiif, solutions, is 
cm’irnuni.sly inferior to the met.'ils in this rc.spcct. 

Elcclrolys!.*: of Solutions. Pntndfiy’B littws— We now con- 
sider the plicnomcna accompanying the conduction of elec- 
tricity in aqnoons solutions of .salts. If, for e.vatnple, two 
pl.uimim plates, one contu'Cled to the positive, the other to the 
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negative pole of a battery, are dipped into a solution of sodium 
sulphate, it will be observed that hydrogen is immediately given 
off at the plate connected to the negative pole of the battery, 
and oxygen at the plate connected to the positive pole. Further, 
if a few drops of litmus have previously been added to 
the solution, it will be noticed that the solution round the 
positive plate or pole becomes red, indicating the production 
of acid, and that round the negative pole becomes blue, showing 
the formation of alkali. An ammeter placed in the circuit will 
show that a current is passing through the solution, so that the 
chemical changes in question accompany the passage of the 
current. Even if the poles are far apart, the gases are liberated, 
and the acid and alkali appear tmmedtalely connection is made 
through the solution^ and if the current is continued, the acid 
and alkali accumulate round the respective poles without any 
apparent change in the main bulk of liquid between the poles. 
These phenomena can scarcely be accounted for otherwise than 
by supposing that matter travels with the current, and that part 
travels towards the positive pole and part towards the negative 
pole. To these travelling parts of the solution Faraday gave 
the name of ions 

It will be well to mention here the nomenclature used in 
this part o! the subject. A solution or fused salt which con- 
ducts the electric current is termed an electrolyte. The plate 
in the solution connected to the positive pole of the battery 
is termed the positive pole, positive electrode, or anode, that 
connected to the negative pole of the battery the negative 
pole, negative electrode or cathode. The ions which move 
towards the anode are often termed anions, those travelling 
towards the cathode cations. 

We will now consider the relationship between the amount 
of chemical action and the quantity of electricity passed through 
a solution. The amount of chemical action might be estimated 
by measuring the volume of gas liberated at one of the poles, 
or by the amount of metal deposited on an electrode This 
question was investigated by Faraday, and as a result he 
established a law which bears his name, and which may be 
enunciated as follows : For the same electrolyte, the amount of 
chemical action is proportional to the quantity of electricity which 

I 
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passes.^ Further, Faraday measured the relative quantities of 
substances liberated from different solutions by the same quantity 
of electricity, and was thus led to the discovery' of his so-called 
second law : The quantities of substances liberated at the elec- 
trodes when the same quantity of electricity is passed through 
different solutions are proportional to their chemical equivalents. 
The chemical equivalent of any element (or group of elements) 
is equal to the atomic weight (or sum of the atomic weights) 
divided by the valency. The second law, therefore, states tliat 
if the same quantity of electricity is passed through solutions 
of sodium sulphate, cuprous chloride, cupric sulphate, silver 
nitrate, and auric chloride, the relative amounts of hydrogen 
and the metals liberated are as follows 


Electrolyte Nn,SO, 

Elcctrochcm. g 

equivalent !!•= I "ooS; 0«=— ; 


CuCl 



CuSO, AgNO, AuCI, 



Au=-!? 
J 3 


The above result may also be expressed rather differently as 
follows : The electrochemical equivalents (the proportions of 
different elements set free by the same current) are proportional 
to the chemical equivalents. 

That quantity of electricity which passes through an electro- 
lyte when the chemical equivalent of an element (or group of 
elements) in grams is being liberated will obviously be a quantity 
of very’ considerable importance in electrochemistry. Since 
I ampere in i second (a coulomb) liberates o-ooill8 gram 
of silver, it follows that when the chemical equivalent of silver 
or any other element is liberated, loySS/o'OOI 1 18 = 96500 
coulombs must pass through the electrolyte. It is often desig- 
nated by the symbol F (faraday). One coulomb will therefore 
liberate 35'4f>/96500 = 0-000368 gram of chlorine, 127/96500 — 
0-001316 gram of iodine, and 1-008/96500 = 0-000010445 gram 
of hydrogen. 

Mechanism 0! Electrical Condactivity— It has already been 
pointed out (p. 243) that during the electrolysis of sodium 
sulphate the products of electrolysis appear only at the poles, 

’ Fntaday measured the amount of electricity by its action on a magnetic 
needle. 
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the main bulk of solution between the poles begin apparently 
unaffected. This is most readily accounted for on the view 
that part of the solute is moving towards the positive and part 
towards the negative pole, these moving parts being termed 
anions and cations respectively. We now assume further that 
the cations are charged with positive electricity, and move 
towards the negatively charged cathode owing to electrical 
attraction ; similarly, the negatively charged anions are attracted 
to the anode When the ions reach the poles, they give up 
their charges, which neutralize a corresponding amount of the 
opposite kinds of elec* 
tricity on the anode and 
cathode respectively, 
and then appear as the 
elements or compounds 
we are fatniliar with. 

Theprocess of electroly* 
sis is illustrated in Fig. 

$2. Into the vessel 
containing sodium sul* 
phate solution dip two 
electrodes (on opposite 
sides of the vessel) con* 
nected with the posi- 
tive and negative poles 
of the battery respec- 
tively. The direction 
of motion of the ions to the oppositely-charged poles is illus- 
trated by the arrows. 

It should be pointed out that there can be no appreciable 
separation of ions in the solution in the sense that positive ions 
accumulate towards one side and negative ions towards the 
other. The reason is that even a very slight separation sets up 
large electric fields of force whidi oppose further separation 
The ions are free, and tend to move in opposite directions, but 
owing to the electric forces the whole salt drifts in the direction 
of the faster moving ion. 

It is not always an easy matter to say what the moving 
ions are. It is only rarely that they are set frc" 
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secondary reactions often take place at the electrodes. When 
a strong solution of cupric chloride is electrolysed, copper and 
chlorine arc liberated at the cathode and anode respectively, 
and it is probable that these substances arc the ions. In the 
case of sodium sulphate, however, for which hydrogen and 
oxygen are the products of electrolysis, secondary reactions 
must take place. The current is in all probability conveyed 
through the solution by Na and SO4 ions. When the former 
reach the cathode, they give up their charges and form metallic 
sodium, which immediately reacts with the water, forming 
sodium hydroxide and hydrogen. In the same way the SO4 
ions, on reaching the anode, give up their charges, and the free 
SO4 group then reacts with the water according to the equation 
SO4 + HjO = H;S04 + 0, oxygen being liberated and sul- 
phuric acid regenerated. In this way the phenomena already 
described are readily accounted for. 

So far, we have assumed that the material of Uie electrodes 
is not acted on by the products of electrolysis. This is generally 
true when the electrodes are made of platinum or other resistant 
metal, but in other cases secondary reactions take place betv’ccn 
the discharged ions and the poles. Thus when a solution of 
copper sulphate is electrolysed behveen copper poles, the SO4 
ions, after losing their charges, react with the anode according 
to the equation Cu + SO4 = CuSOi, so that the net result of 
the electrolysis of copper sulphate between copper poles is the 
transfer of copper from the anode to the cathode. 

We have .assumed that in a solution of sodium sulphate the 
moving ions are Na and SO4. As the Na ion moves towards 
the negative electrode, it must already be positively charged ; 
this may be indicated thus : Na (Fig. 32), or, more concisely, 
by a dot, thus ; Na-. As neither positive nor negative elec- 
tricity accumulates in the solution during electrolysis, the 
amount of positive electricity neutralized on the anode must 
be equivalent to that neutralized on the cathode. Hence, since 
two sodium ions are discharged for every SO4 ion, the latter 
must carry double the amount of electricity that a sodium 
ion carries, and this is indicated by* the symbols SO4 or S 0 |' 
{Fig. 32). 
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According to our present views, the metalUc components of 
salts in solution are positively charged, the number of charges 
corresponding with the ordinary valencies of the metals. Some 
important cations are K*, Na*, Ag*, NH,', Ca-, Hg,-, Hg**, Fe*% 
Fe***, etc. The remainder of the salt molecule constitutes the 
negative ion, which, like the positive ion, may have one, two 
or more (negative) electric charges. Among the more >mport 3 nt 
anions are Cl', Br', T, NO,', SO,', CO,', PO,'", etc. Acids and 
bases deserve special consideration from this point of view. 
Since salts are derived from acids by replacing the hydrogen by 
metals, it is natural to suppose that the positive ion in aqueous 
solutions of acids is H*, and that the remainder of the molecule 
constitutes the negative ion. On the other hand, aqueous solu- 
tions of all bases contain the OH' group. These points are 
dealt with fully at a later stage 
Freedom o! the Ions before Electrolysis— The fact that the 
Ions begin to move towards the respective electrodes immediately 
the current is made appears to indicate that they are electrically 
charged in the solution before electrolysis is commenced. The 
questions therefore arise as to the state of such a salt as sodium 
chloride in dilute solution, and as to what occurs when the circuit 
is completed. The view long held was that the atoms are united 
to form a molecule, NaCl, at least partly owing to the electrical 
attraction of their contrary charges, and that the current pulls 
them apart during electrolysis. Careful measurements show, 
however, that Ohm's law holds for electrolytes, from which it 
follows that the electrical energy expended in electrolysis is en- 
tirely used up in overcoming the resistance of the electrolyte, so 
that no work is done tn pulling apart the components of the molecule. 
On the basis of this observation, and in agreement with certain 
views previously enunciated by Williamson as to the kinetic 
nature of equilibrium in general (c/ p. 167), Clausius showed 
that the equilibrium condition in electrolytes cannot be such 
that the ions of contrary charge are firmly bound together; 
on the contrary, the equilibrium must be of a kinetic nature, so 
that the ions are continuously exchanging partners, and must, 
at least momentarily, be present in solution as free ions The 
average fraction of the ions free under definite conditions of 
temperature and dilution was not estimated by Clausius but he 
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considered that the fraction v,-as probably ver>' small. Clausius’s 
theory accounts for the qualiutivc phenomena of electrolysis, 
as during their free inter\'als the ions would be progressing 
towards the oppositely charged poles, and would finally reach 
them and be discharged. 

The vieTO of Clausius were further developed in 1SS7 by 
Arrhenius,^ who first showed how the fraction of the molecules 
split up into ions could be deduced from electrical conduc- 
tivity measurements, and independently from osmotic pressure 
measurements. This constitutes the main feature of the theory 
of electrolytic dissociation, which is dealt with in detail later 
(p. 266), and the fact that the two methods for determining 
the fraction of the molecules present as free ions gave results 
in very satisfactory agreement contributed much to the general 
acceptance of the theory. In a normal solution of sodium chlo- 
ride, then, tliere is an equilibrium bets^’ecn free ions and non- 
ionized molecules, represented by the equation NaCl Na-f-CI', 
in which, according to Arrhenius, about 70 per cent, of the 
salt is ionized and tlie remaining 30 per cent, is present as 
NaCI molecules. According to this theory, the electrical con~ 
duclivily is determined excltisively by the free ions, and not at 
all by the v.on-ionized molecules or by the solvent. 

Dependence of the Condnetivity on the Number and Nature 
of the Ions — We are now in a position to fonn a picture of Uie 
mechanism of electrical conductivity in a solution. Suppose 
there are two parallel electrodes I cm. apart (Fig. 32) with the 
electrolyte between them, and that the difference of potential 
between the electrodes is kept constant, say at I volt. Before 
the electrodes are connected with the battery, the ions arc 
moving about in all directions through the solution. When 
connection is made — in other words, when the electrodes are 
charged — they c.vert a directive force on the charged ions, which 
move towards the poles with the contrary charges. Those 
nearest the poles arrive first, give up their charges to the poles, 
thus neutralizing an equivalent amount of electricity on the 
latter, and then either appear in the ordinary uncharged form 
(r.g., copper), react with tlie solvent (e.g., SO^ when platinum 
electrodes are used), with the electrodes {e.g., SO^ with copper 

* Zritsch. phytihol. Ckem., 18S7, 1 , 631. 
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electrodes), or with each other. It will be seen that the process 
does not consist in the direct neutralization of the electricity on 
the positi%'e electrode by that on the negative electrode, but 
part of the charge on the anode is neutralized by the anions, 
whilst an equivalent amount of charge on the cathode is 
neutralized by the cations — process which has the same 
ultimate effect as direct neutralization. 
y On this basis it is clear that with a constant E.M.F. the rate 
' at which the charges on our two plates are neutralized, in other 
words, the conductivity of the solution between them, depends 
' on three things : (i) the number of carriers or ions per unit 
volume ; (2) the load or charge which they carry ; (3) the rate 
at which they move to the electrodes. Each of these factors 
will now be brieBy considered. 

(l) The Number of Ions — Other things being equal, the 
conductivity of a solution will clearly be proportional to the 
number of ions per unit volume. For the same electrolyte, 
the number of ions can, of course, be varied by varying the 
concentration of the solution In general, it may be said that 
on increasing of concentration the ionic concentration also in* 
creases, but the exact relationship will be dealt with later. For 
different electrolytes of the same equivalent concentration, the 
conductivity will depend on the extent to which the solute h 
split up into its ions and 00 their speed. 

{2) The Charge Carried by the Ions — ^As has already been 
pointed out, there is a simple relationship between the capacity 
of different ions for transporting electricity, since the gram- 
equivalent of any ion (positive or negative) conveys 96,500 
coulombs. Thus if in an hour {= 3600 seconds) a gram-equiva- 
lent of sodium (23 grams) and of chlorine (3S'46 grams) are 
discharged at the respective electrodes, the current which has 
passed through the cell is 

g6i5oo _ amperes 
3600 

(3) Migration Velocity oI (he Ions — In this section we will 
{« tottsAdet oaly uoivateat ioas, but the same con- 

siderations apply to all electrolytes. Since positive and nega- 
tive ions are necessarily d/scharerf 10 equivalent amount 
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and the number of positive and negative univalent ions dis- 
charged in a given time is therefore equal, it might be supposed 
that the ions must travel at the same rate. This, however, 
is by no means the case. Our knowledge of this subject is 
mainly due to Hittorf, who showed that the relative speeds of 
the ions could be deduced from the changes in concentration round 
the electrodes after electrolysis. 

The effect of the unequal speeds of the ions on the concen- 
trations round the poles is made clear by the accompanying 
scheme (Fig. 33), a modified form of one given by Ostwald, 
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Fig. 33. 



The vertical dark lines represent the anode and cathode respec- 
tively, and the dotted lines divide the cell into three sections, 
those in contact with the electrodes being termed the anode 
and cathode compartments respectively. The positive ions arc 
represented by the usual -f- sign, and the negative ions by the 
— sign. 1. represents the state of affairs in the solution before 
connection is made ; the number of anions is the same as that 
of the cations, and the concentration is uniform throughout. 
The remaining lines represent the state of affairs in the solution 
after electrolysis on different assumptions as to the relative 
speeds of the ions. Suppose at first that only the negative 
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ions move. The condition of affairs tn the solution when all 
the negative ions have moved two steps to the left is shown in 
II. Each ion left without a partner is supposed to be dis* 
charged, and the figure shows that although the positive ions 
have not moved an equal number of positive ions is discharged. 
Further, whilst the concentration in the anode compartment 
has not altered during the electrolysis, the concentration in the 
cathode compartment has been reduced by half. 

Suppose now that the positive and negative ions move at the 
same rate. The state of affairs when each ion, positive or 
negative, has moved two steps towards the oppositely-charged 
pole is represented in III. It is evident that four positive and 
four negative ions have been discharged, and that the con- 
centration of undecomposed salt has diminished in both com- 
partments, and to the same extent, namely by two molecules. 

Finally, let us assume that both ions move, but at unequal 
rates, so that the positive ions move faster than the negative ions 
in the ratio 3 : 2. The state of affairs when the positive ions 
have moved three steps to the right, and the negative 10ns two 
steps to the left, is shown in IV It is clear that five positive 
and five negative ions have been discharged, and that whilst 
there is a fall of concentration of two molecules round the 
cathode, there is a fall of three round the anode. 

These results show that the fall of concentration round any 
one of the electrodes is proportional to the speed of the ion 
leaving ft. In JI., lor example, there is a fall of conceatratioa 
round the cathode, but not round the anode, corresponding 
with the fact that the anion moves, but not the cation Simi- 
larly, in III , the fall of concentration round anode and cathode 
is equal, corresponding with the fact that the anion and cation 
move at the same. Finally, in IV., fall round anode : fall 
round cathode : : 3 : 2, corresponding with the fact that speed 
of cation ; speed of anion = 3:2. From these examples we 
obtain the important rule that 

Fall of concentration round anode speed of cation 

Fall of concentration round cathode speed of anion 

The student often finds a difficulty in understanding h 
IV., five ions can be discha^ed at the anode when ( 


252 


OUTLINES OF PHYSICAL CHEMISTRY 


anions have crossed the partitions. To account for this, it 
must be assumed that there is always an excess of ions in 
contact with the electrodes, so that more arc discharged than 
actually arrive by diffusion. 

The speed of the cations is often represented by ii, and that 
of the anions by v. The total quantity of electricity (say, unit 
quantity) carried is proportional to (« + v), and, of this total 

= vl{u + v) is carried by the anions and i — n — uj{xi + t;) 
by the cations, n, the fraction of the current carried by the 
anion, is termed the transport number of the anion ; similarly, 
I — H is the transport number of the cation. 

It is evident from the figure that there is a central section of 
the cell between tlie dotted lines in which no change of con- 
centration takes place when electrolysis is not carried too far. 
Therefore, in order to investigate the changes in concentration, 
it is simply necessary to remove thesolutions round the electrodes 
after electrolysis and analyse them, but the experiment ivill only 
be successful if the intermediate layer has not altered in strength. 

Practical Determination of the Relative Migration Velocities of 
the Ions — ^The experiment may conveniently be made in the 
modified form of Hittorf's apparatus used in Ostwald’s labora- 
tory (Fig. 34). It consists of two glass tubes communicating 
towards the upper ends ; one of them is closed at the lower end, 
and the other provided with a stopcock, as shown. The elec- 
trodes, A and K, arc scaled into glass tubes which pass up through 
the liquid, and communication with a battery is made in the 
usual way by means of wires which pass down the interior of 
the glass tubes. 

As an illustration, the determination of the transport numbers 
of the Ag' and NO3' ions in a solution of silver nitrate will be 
described. The anode A is of silver, and should be covered with 
finely-divided silver by electrolysis just before the experiment; 
the cathode is of copper. The electrodes are placed in position, 
the anode compartment filled up to the connecting tube with 1/20 
normal silver nitrate, the cathode compartment up to B willi a 
concentrated solution of copper nitrate, and finally the apparatus 
is carefully filled up with the silver nitrate solution in such a way 
that the boundary between the two solutions at B remains fairly 
sharp. The cell is then connected in series with a high adjust- 



electrical conductivity 


253 


able resistance, an ammeter, afld 3 silver voltameter, and then 
joined to the terminals of a continuous current lighting curcuit 
(no volts) in such a way that the silver pole becomes the 
anode. By means of the variable resistance, the current is so 
adjusted that a current of about o-oi ampere is obtained {to be 
read off on the ammeter), and the elcctrol^*sis continued for 
about two hours. Finally, a meas- 
ured amount (about 3/4) of the 
anode solution is run oS and titrated 
with thiocyanate in the usual way. 

The strength of the current can be 
read off on the ammeter, and from 
this and the time during which the 
current has passed, the total quan- 
tity of electricity passed through the 
solution can be calculated It ts, 
however, preferable to employ for 
this purpose the silver voltameter 
above r^erred to. It consists of a 
tube With stopcock similar to the 
left-hand part of the transport 
apparatus (Fig. 34), and is provided 
with a silver electrode (to serve as 
' anode) similar to that in the other 
apparatus, and placed m a corre- 
sponding position (in the lower part 
of the tube). The tube is filled to 
3/4 of its length with a 15-70 per 
cent, solution of sodium or potas- 
sium nitrate, and carefully filled up 
with dilute nitric acid so that the 
two solutions do not mix. The cathode, of platinum foil, dips 
in the nitric acid. During electrolysis, the NOj' ions dissolve 
silver from the anode, and by titrating the whole of the con- 
tents with ammonium thiocyanate after the expenment, the 
amount of silver in solution can be determined, and from this 
the quantity of electricity which has passed through the solution 
can readily be calculated (p. 244)- 

We now return to the transport apparatus. For our pu^«"*'(^^ 
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Ot’TJ, INI'S ON rnvSK'AT. aiKMlSTRV 


U will lu’ MxUok-nl U' (UmI only with tin- rhuui'.c of coiurentrA- 
tint! itt (he utiotlt' roinpnrtnu'nt. l''tntn tlhi! tin' tr.tnsjuirt 
nnmhof oi thr cntii'n !•> nhtaincd, niul the tminpoil mttnlHT 
of the ntunn h; then nt ouoe ohlnincd by tUlTciciiciv OnHnjt 
ch'i ti'i'ly.'M*:, the : itvrr ronoentmtii'n uniiu! the nnoile divtU’.ishf.i 
n\sin(^ to tnij'.t'.ition of 'nlvrf ton'; tmvnvtN tlie cuUnnlc. The 
jnocc;!-- lUAV convcnionfly be Ulnstf.vtoil by lU. of 53 "hero 
the Ini! owinc to ttiiiJf.Uion (lotn ,i to ?. At thr sams' time, 
howi'vej, NO,, iott'i teaeh thr nnoile, nml nftet beiitj; Ui?v'Jv.\V}',cd 
<lt'-'H'!ve f-ilver ttont it, the silver eoneciUtalioit iti the niiotlc 
eonipattment therefore i(iiTe.i.«f'!y. 'I'lie latter rtfret. is the 
r.atne as ti\at tahiny. j'lace situnltaneonsly in the silver voUa- 
meter, at ih"!etibcd above, ami therefore, if ttfl sitirr rnfhi/tJ 
ihf the total inerca'ui of concentration in this com- 

jnntment wonUl be njnal to that iiv the silver voltameter, 
which, ai ex(tl, lined above, ia a tncannre of the total quantity 
of elect licity which I'a'iscn; we wiU term this o. It* b is the 
(imhnown) ehani'.e in eoneentratiou dne to tlie mii;r.vtlon of 
the silver ions, the oJ'ACitv.f chani;o in concentration nt the 
anode wilt tie a b. As ,i is known, and a h is fonnd hy 
tittatiiij; the anode solution after the eNperiment, /’ can readily 
be obtained, 

in jn.vcticc, the tpeater part of the anode solution after 
elrctiolyas is jun into a be.rker, it is then weii’licd or an aliquot 
part measnicil, and titiatcd 

‘I'he calculation of (lie icsiilts will be reiuicrcd clear from the 
details of an cvprnmcni made m tV-awald's labor.itorv, Uefore 
the evpcitmeiu i;\;i ('.rams of the ralvcr nitrate soUition re- 
liuiie.t .'ft'SO cc of ,» 1,50 fi potassium thiocyanate sohuion, 
so that 1 ipaoi o{ soluuon ronl.nnfd jpatn of silver 

nitiale. Alter the evpcuineiu, prams of the anode 

M'lution required e c, of the thiocyanate solution, cor< 

te-pondiiii; to O'J^ot prom of silver nitrate. ‘I'lie solution, 
thcrcfine, contained ?5'i.t prams of water, wliioh befote the 
I'NpeiimeiU contained x o-w;50 .“i j;ram of 

silver nitiatc, hence the itwtease of concentration at tlie anode 
is ivot'St pr.im -•(!-• h. The contents of the silver volla> 
meter tcquiicd .Ib'lb c c. of thioeyanate ' va'l.';!) pram of 
sih ei jiitMtc ' • a the same amount is dissolved at the anode 
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in the transport apparatus. As the actual increase of concen- 
tration was only 0-0651 gram, 0*1229 — 0-0651 =0-0578 gram 
of silver must have left the anode compartment by migration. 
Hence the transport number for silver is 


M 


0*0578 

0*1229 


= 0 * 470 , 


and for the NO/ ion 

_ V _ 00651 
~ « *1- t* ”0*1229 


0*550. 


Hence, of the total current, 47 per cent, is carried by the silver 
ions, and 53 per cent, by the NO/ ions 

It was shown by Hittorf that the transport numbers are 
practically independent of the E M.F. between the electrodes, 
but depend to some extent on the concentration and on the 
temperature. It is remarkable that at higher temperatures 
they tend to become equal. Some of the numbers are given 
in the next section 

Speoflc, Molecular, and Equivalent Conductivitf— Just as in 
the case of metallic conduction, the resistance of an electro- 
lyte is proportional to the length, and inversely proportional to 
the cross-section of the column between the electrodes. Hence 
we may define the specific resistance of an electrolyte as the 
resistance in ohms of a cm. cube, and i ts specific conduc tivity 
as l/specificjfesistance, expresst^ in reciprocal ohms. Since, 
however, the conductivi t y dow not depend on the solvent but 
on the solute, it is much more convenient to deal with solutions 
containing Quantities of solute proportional to the respective 
molecular weights The so-called moleeutar conductivity, (i, is 
^ost lately used in this connection ; it is the conductivity, in 
reciprocal ohms, of a solution containing i mol of the solute 
when placed between electrodes exactly i cm apart. It may 
also be defined as the specific conductivity, k, of a solution, 
multiplied by v, the volume in C.C. which contain a mol of the 
solute. Hence we have 
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it wiii be sufficient to deal only with the ciiange of concentra- 
tion in the anode compartment. From this the transport 
number of the cation is obtained, and the transport number 
of the anion is then at once obtained by difference. During 
electrolysis, the silver concentration round the anode dimmishes 
owing to migration of silver ions towards the cathode. The 
process may conveniently be illustrated by III. of Fig. 33 where 
the fall owing to migration is from 4 to 2. At the same time, 
however, NO3 ions reach the anode, and after being discharged 
dissolve silver from it, the silver concentration in the anode 
compartment therefore increasing. The latter effect is the 
same as that taking place simultaneously in the silver volta- 
meter, as described above, and therefore, if no silver migrated 
from the anode, the total increase of concentration in this com- 
partment would be equal to that in the silver voltameter, 
which, as explained above, is a measure of the total quantity 
of electricity which passes ; we will term this a. If b is the 
(unknown) change in concentration due to the migration of 
the silver ions, the observed change in concentration at the 
anode will be fl — t. As a is knowm, and a •— t is found by 
titrating the anode solution after the experiment, h can readily 
be obtained. 

In pr.ictice, the greater part of the anode solution after 
electrolysis is run into a beaker, it is then weighed or an aliquot 
part measured, and titrated. 

The calculation of the results wiii be rendered clear from the 
details of an experiment made in Ostwald's laboratory. Before 
the experiment 12-51 grams of the silver nitrate solution re- 
quired 26-56 c.c. of a 1/50 »j potassium thiocyanate solution, 
so that j gnun of solution contained 0-00739 gt^rn of silver 
nitrate. After the e,xpcrimcnt, 23-38 grams of the anode 
solution required 69-47 c.c. of the thiocyanate solution, cor- 
responding to 0-2361 gram of silver nitrate. The solution, 
therefore, contained 23-14 grams of water, which before the 
experiment cont.aincd 23-14 x 0-OO739 = 0-1710 gram of 
silver nitrate, hence the increase of concentration at the anode 
is 0-0651 gram ~ a — - L The contents of the silver volta- 
meter required 36-16 c.c. of thiocyanate = 0-1229 gram of 
silver nitrate = a ; the same amount is dissolved at the anode 
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l/l0,000 molar, the specific conductivity is reduced to about 
l/lO, but as the volume is ten times as great, the molecular 
conductiWty is only slightly altered. 

Besides the molecular conductivity, the tenn equicaUiii con- 
ductiviiy, \ is sometimes used. As the name impL’es, it is the 
specific conductivity of a solution multiplied by the volume 
in cc. which contains a gram-egutraleni of the solute. 

Kohlransch** Iaw. Ionic Velocities— The numbers in the 
third column of the above table show that the molecular con- 
ductivity of sodium chloride increases, at first rapidly and 
then very slowly, with dilution. TTiis subject was investigated 
for a number of solutions by Kohlrauscb, who found that for 
solutions of electrolytes of high conductivity (salts, so-called 
“ strong " acids and bases) the molecubr conductivity increases 
with dilution up to about l/toooo molar solution, and beyond 
that point remains practicaUy constant on lurtber dilution. 
Kohlrauscb showed further that this limiting value of the mo* 
lecularconduetivity, which may be represented by n„, is differ- 
ent for different salts, and may be regarded as the sum of two 
Independent factors — one pertaining to the cation or positive part 
of the molecule, the other to the anion, or negative part of the 
molecule. This experimental result is termed Kohlrausch’s law, 
and is readily intelligible on the basis of the theor)* of electrical 
conductivity developed above. The limiting \’alue of the mo- 
lecular conductivity is reached when the molecule is completely 
split up into its ions ; under these circumstances ike vrhole of 
/if soli takes pari in conveying ike current. For simplicity we 
will consider solutions of binarj’ electrolytes In \"ery dilute 
c<luimolar solutions of different electrolytes, the number of the 
ions and their charges are the same, and the observed differences 
of /igo can only be due to the different speeds of the ions. The 
limiting molecular conductivities of binarj* electrolytes are 
therefore proportional to the sum of the speeds of the ions, 
and when the units are properly chosen we have 

where u is the speed of the cation, v that of the anion. This b 
the mathematic^ form of Kohlrausch's law, and expresses the 
*7 
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As an example, the following values for the specific and molec- 
ular conductivities of solutions of sodium chloride at iS", as 


given by Kohlrausch, may be quoted 

Concentration of Solution. 

Sp. Con- 
ductivity, 

K, 

Molecular 

Conductivity, 

KV. 

I-O 

molar (u = 1 ,000) 

0-0744 

74*4 

O-I 

molar {v = 10,000) 

0-00920 

92-0 

O-OI 

molar (u = 100,000) 

0-001020 

102-0 

0-001 

molar {v = 1,000,000) 

0-0001065 

106-5 

0-000 1 

molar {v = 10,000,000) 

o-ooooioSi 

lOS-I 


It will be noticed that the molecular conductivity as defined 
above increases at first with dilution, but beyond a certain 
point remains practically constant on further dilution. 

These numbers enable us to illustrate more fully the physical 
meaning of the molecular conductivity. Imagine a cell of i cm. 
cross-section and of unlimited height, two opposite walls through- 
out the whole height acting as electrodes. If a litre of a molar 
solution of sodium chloride is placed in the cell, it will stand 
at a height of looo cms. We may regard the solution as made 
up of cm. cubes, lOOO in number, and if the conductivity of 
one of Uicsc cubes — tlic specific conductivity — is k„ the total 
conductivity (in other words the molecular conductivity) is 
IDOOKj. If now another litre of water is added, the height of 
the solution will be 2000 cms. and its molecular conductivity 
is now aooOfCj, where is the specific conductivity of the halfi 
molar solution. In exactly the same way, the molecular con- 
ductivity may be determined at still greater dilutions. From 
the above it is clear that a measure of the conducting power 
of a mol of the electrolyte in different dilutions is obtained 
by multiplying the volume in c.cs. in which the electrolyte is 
dissolved by its specific conductivity at that dilution, or in 
symbols 

fl=z KV 

as given above. 

A glance at the last two lines in the table helps us to under- 
stand the approximately constant value of fi in very dilute 
solutions. When the solution is diluted from i/iooo to 
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the electrodes, and inversely proportional to the resistance 
offered to theirpassage by thesolvent. When the fall of potential 
is I volt per c.ni. {i.e., when the difference of potential between 
the electrodes is x volts and the distance between them is x cm.) 
it can be shown that the absolute velocities, in cm. per second, 
are obtainable from the values for the ionic velocities given 
above by dividing by 96,500 or, what is the same thing, by 
multiplying by 1-036 X lo“*. 

Consider the transport of electric current through a cm. 
cube of electrolyte. As already pointed out, the strength of 
the current depends upon the number of ions, on their speed 
and on the charge which they carry. If c is the concentration 
of the electrolyte in gram-equivalents per c.c., a is the degree 
of dissociation and Uj and V, the speed of the cation and anion 



conductivity, k, and the difference of potential, E, between 
the two sides of the cube. Therefore 

Ex = 96,500 «c (Uj -f V|). 

Now x/c or Kv is the equivalent conductivity of the solution, 
which we will term A. If, further, the potential gradient is 
I volt per cm. £ = l and the above equation simplifies to 

A = 96,500 a (U -f V) 

where U and V represent the speed of the ions, in cm per second, 
when the potential gradient is i volt per cm 
When dissociation is complete a =» I and the above formula, 
in the case of a binary uni-umvalent electrolyte, for which 
A» = Mco becomes [cf. p 257) 

/icQ = li -f- p = 96,500 (U + V). 

From this equation it follows that the speed of the ions in 
cm. per second are obtainable from the velocities expressed in 
the ordinary units by dividing by 96,500. 

Hence the absolute velocity of the hydrogen ion is, under the 
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very important result that in sufficiently dilute solution thcspccd 
of an ion is independent of the other ion present in solution. 

From the results of conductivity measurements, only the 
sum of the speeds of the ions can be deduced, but, as has 
already been shown, the relative values of u and v can bo 
obtained from the results of migration experiments (p. 252). 
It was found by Kohlrausch that the value of = h + n 
for silver nitrate at 18° is il6-o. The accurate value for the 
transport number of the anion, NO/, is n = vf(u + 0) = 0'S50. 
Hence o — 0-530 X nd-o = 617 and h = 0-470 X n 6-0 — 
54-3. The values of tt and v, expressed in these units, arc 
termed the tonic velociiies, under the conditions of the experi- 
ment. The accompanying table gives the ionic velocities, cal- 
culated from the results of conductivity and transport measure- 
ments, for some of the more common ions in infinite dilution ' .at 
18®, expressed in the same units as the molecular conductivity 
of sodium chloride (p. 256) : — 


H- 

= 3J8 

Li- 

= 33 

OH' 

= J74 

K- 

= 65 

NH«- 

= 64 

Cl' 

= 66 

Na* 

= AA 

Ag- 

= 54 

I' 

= 67 





NO/ 

= 62 


It is interesting to observ-c that the velocity of the H- ion is 
relatively verj- high, about five times as great as that of any of the 
metallic ions. The ion which comes next to it is the OH' ion, 
the speed of which is more than half th.it of the H- ion, and 
much greater than that of any of the other ions. Since the 
conductivity of a solution is, as we h.avc already seen, propor- 
tional to the speed of the ions, it follows that the solutions of 
highly ionized .acids and bases will have a relatively high con- 
ductivity. Thus, under conditions otherwise equal as regards 
concentration, ionization, temperature, etc., the conductivities 
of dilute solutions of hydrochloric acid and of sodium chloride 
will be in the ratio {318 -f 66) == 381 to {44 -f 66) = tio, or 
about 3-5:1. 

Absoinfe Velocity of the Ions. Internal Friction— The ab- 
solute velocity of the ions is proportional to the E.M.F. betw-cen 

' The more concentrated the solution, the smaller are the ionic velocities, 
owing to the increased resistance to their motion. 
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the electrodes, and inversely proportional to the resistance 
offered to theirpassage by thesolvent. When the fall of potential 
is I volt per C-m. (i e.^ when the difference of potential between 
the electrodes is x volts and the distance between them is x cm.) 
it can be shown that the absolute velocities, in cm. per second, 
are obtainable from the values for the ionic velocities given 
above by dividing by 96,500 or, what is the same thing, by 
multiplying by i*oj6 X lo*"* 

Consider the transport of electric current through a cm. 
cube of electrolyte. As already pointed out, the strength of 
the current depends upon the number 0/ Jons, on their speed 
and on the charge which they carry. If c is the concentration 
of the electrolyte in gram-equivalents per cc., a is the degree 
of dissociation and U^ and Vj the speed of the cation and anion 
respectively, in cm. per second, the current passing through the 
cm. cube is 96,500 oc (U^-f Vj) amperes. 96,500 coulombs being 
the charge carried by r gram-eqmvaJent 0/ electrolyte. The 
current may also be represented as the product of the speciffe 
conductivity, x, and the difference of potential, E, between 
the two sides of the cube. Therefore 

Elf 96,500ac (U, -f V^). 

Now x{c or KV is the equivalent conductivity of the solution, 
which we will term A If, further, the potential gradient is 
I volt per cm. E = i and the above equation simpliffes to 

A = 0,500 « (U -f V) 

where U and V represent the speed of the ions, in cm. per second, 
when the potential gradient is i volt per cm. 

When dissociation is complete a « i and the above formula, 
in the case of a binary uni-umvalent electrolyte, for which 

Afio *= t^oo becomes (r/. p. 257) 

fi^ = u + v= 0,500 (U -f V). 

From this equation it follows that the speed of the ions in 
cm. per second are obtainable from the velocities expressed in 
the ordinary units by dividing by 0,500. 

Hence the absolute velocity of the hydrogen ion is, under the 
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very important result that in sufficiently dilute solution the speed 
of an ion is independent of the other ion present in solution. 

From the results of conductivity measurements, only the 
sum of the speeds of the ions can be deduced, but, as has 
already been shown, the relative values of u and t; can be 
obtained from tlic results of migration experiments (p. 252). 
It was found by Kohlrausch that the value of {i^ = u -j- u 
for silver nitrate at 18® is Il 6 ' 0 . The accurate value for the 
transport number of the anion, NO/, is n = t)/{» + n) = 0'530. 
Hence n = 0-530 X ll 6-0 = 617 and « = 0-470 X n 6-0 = 
54-3. The values of u and v, expressed in these units, are 
termed the ionic veheities, under the conditions of the experi- 
ment. The accompanying table gives the ionic velocities, cal- 
culated from the results of conductivity and transport measure- 
ments, for some of the more common ions in infinite dilution ^ at 
lS°, expressed in the same units as the molecular conductivity 
of sodium chloride (p. 256) : — 


H- 

= 318 

Li- 

= 33 

OH' 

= 174 

K- 

= 65 

NH«- 

■ = 64 

Cl' 

= 66 

Na* 

= 44 

Ag- 

= 54 

1' 

= 67 





NO/ 

= 62 


It is interesting to observe that the velocity of the H- ion is 
relatively vciy high, about five times as great as that of any of tlie 
metallic ions. The ion which comes next to it is the OH' ion, 
the speed of which is more than half that of the H- ion, and 
much greater than that of any of the other ions. Since the 
conductivity of a solution is, as we have already seen, propor- 
tional to the speed of the ions, it follows that the solutions of 
highly ionized acids and bases will have a relatively high con- 
ductivity. Thus, under conditions otherwise equal as regards 
concentration, ionization, temperature, etc., the conductivities 
of dilute solutions of hydrochloric acid and of sodium chloride 
will be in the ratio {318 + 66) = 381 to {44 66) == lio, or 

about 3-5 -. I. 

Ahsololc Velocity ol the Ions. Internal Friction—The ab- 
solute velocity of the ions is proportional to the E.M.F. between 

‘ The more concentrated tlie solution, the smaller are the ionic velodties, 
owing to the increased resistance to Uieir motion. 
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the electrodes, and inversely proportional to the resistance 
offered to theirpassage by thesoIvenL When thefall of potential 
is I volt per c m. (t.e., when the difference of potential between 
the electrodes is x volts and the distance between them is x cm.) 
it can be shown that the absolute velocities, in cm. per second, 
are obtainable from the values for the ionic velocities given 
above by dividing by 96,500 or, what is the same thing, by 
multiplying by 1*056 X lO~K 

Consider the transport of electric current through a cm. 
cube of electrolyte As already pointed out, the strength of 
the current depends upon the number of ions, on their speed 
and on the charge which they carry. If c is the concentration 
of the electrolyte in gram-equivalents per c.c , a is the degree 
of dissociation and and Vj the speed of the cation and anion 
respectively, in cm. per second, the current passing through the 
cm. cube is 96,500 or (U^ + V,) amperes, 96,500 coulombs being 
the charge earned by i gram-equivalent of electrolyte. The 
current may also be represented as the product of the specific 
conductivity, k, and the difference of potential, E, between 
the two sides of the cube Therefore 

E« = 96,500 otf{U, + Vj). 

Now kJc or Kv is the equivalent conductivity of the solution, 
which wc will term A. If, further, the potential gradient is 
I volt per cm. E » 1 and the above equation simpliSes to 

A = 96,500 a (U -f V) 

where U and V represent the speed of the ions, m cm. per second, 
when the potential gradient is i volt per cm. 

When dissociation is complete a = 1 and the above formula, 
in the case of a binary uni-univalent electrolyte, for which 
^eo = /^oo becomes (c/. p 257) 

!*«> = « + *' = 9®.SOO {U + V). 

From this equation it follows that the speed of the ions in 
cm. per second are obtainable from the velocities expressed in 
the ordinary units by dividing by 96,500. 

Hence the absolute velocity of the hydrogen ion is, under the 
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conditions described, 318 X 1-036 X 10"® = 0-00332 cm. per 
second, and of the potassium ion 0-00067 cm. per second at 
infinite dilution. Tiie speed of the ions is therefore extremely 
low ; even the hydrogen ions, under a driving force of i volt 
per cm., only move about twice as fast as the extremity of the 
minute hand of an ordinary watch. This very slow motion 
of the moving particles indicates that the resistance to their 
passage through the solvent is very great. Kohtrausch has 
calculated that the force required to drive a gram of sodium 
ions through a solution at the rate of I cm. per second is 
153 X 10* kilograms weight, or about 150,CXX) tons weight. 

The absolute velocity of the ions can also be measured 
directly by a method the principle of which is due to Lodge, 
and which may be illustrated by an experiment described by 
Danncel. A 13 -tube is partly filled with dilute nitric acid 
and in the lowest part of tlic tube a solution of potassium 
permanganate, the specific gravity of which has been increased 
as much as possible by the addition of urea, is carefully placed, 
by means of a pipette, in such a way that the boundary between 
the acid and the pcrmang.anatc remains sharp. When platinum 
electrodes arc dipped in the nitric acid in the two limbs, and 
a current passed through the solution, the violet boundary {due 
to the coloured MnO/ ion) moves towards the anode. From 
the observed speed of the boundary' and the difference of 
potential between the poles, the speed of the ion for a fall 
of potential of i volt/cm. is obtained, and has been found to 
agree exactly with the value obtained by conductivity and 
transport measurements. 

This method is not confined to salts with coloured ions, but 
the moving boundary can also be observed with colourless 
solutions when, .as is usually the ease, the refractive index of 
the two solutions is different. There are, of course, two 
boundaries, one due to the positive ions moving towards the 
cathode, and the other due to the negative ions moving towards 
the anode. When the conditions are such that both can be 
obsciv'ed, the relative speeds give the ratio ujv directly. 

Measurements of ionic velocities on this principle have been 
made by Masson, Steele and others, and the results are in 
entire agreement with those obtained indirectly. 
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Experimental Detcnnination ol Condoctivity ol Electrolytes — 
The measurement of the conductivity of conductors of the first 
class is a very simple operation. Until comparatively recently, 
however, no very satisfactory results for the conductivity of 
electrolytes could be obtained, because when a steady current 
is passed through a solution between platinum electrodes the 
products of electrolysis accumulate at the poles and set up 
a back ELM.F. of uncertain value, a phenomenon known as 
polarization (p. 396). This difficulty is, however, completely 
got over by using an alternating instead of a direct current 
{Kohlrausch, t88o) : by the rapid reversal of the current the 
two electrodes are kept in exactly the same condition, and there 
is no polarization. 

d 



The arrangement of the apparatus, which in principle amounts 
to the measurement of resistance by the Wheatstone bridge 
method, is shown in Fig. 35- R «» a resistance box, S a cell 
with platinum electrodes, between which is the solution the 
resistance of which is to be measured, ab is a platinum aire 
of uniform thickness, which may conveniently be a metre long, 
and is stretched along a board graduated m millimetres, e is 
a sliding contact. By means of a battery (not shown in the 
figure) a direct current is sent through a Ruhmkorff coil, K, the 
latter then gives rise to an alternating current, which divides at 
a into two branches, reaching b by the paths aib and aci 
respectively. As a galvanometer is not aSected by an alter- 
nating current, it is in this cast TtpVattd by a T, 

which is silent when the points c and d are at the same^ L 
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The contact-maker, c, is shifted along the wire till the telephone 
no longer sounds. Under these circumstances, the following 
relationship holds — 

Length of ac Length of eh 
_ _ , 

and since ac, eh and R arc known, S, the resistance of the part 
of the electrolyte between the electrodes, can at once be cal- 
culated. 

As the resistance of electrolytes varies within wide limits, 
different forms of cell are employed according to circumstances. 



Vie. 36. Fio. 37. 


For solutions of small conductivity, the Arrhenius form repre- 
sented in Fig. 36 is very suitable. The electrodes, which are 
stout platinum discs 2-4 cm. in diameter, are fi.xed (by welding 
or othcnvisc) to platinum wires, which arc scaled into glass 
tubes A and B, as shown in the figure. These glass tubes are 
fixed firmly into the ebonite cover of the cell, so that the dis- 
tance between the electrodes remains constant, and electrical 
connection is made in the usual way by wires passing down the 
interior of the gl.ass tubes. In order to c.xposc a larger surface, 
and thus minimize polarization effects, which would interfere 
with the sharpness of the minimum in the telephone, the elec- 
trodes are coated with finely-divided platinum by electrolysis 
of a solution of chlorplatinic acid. For electrolytes of high 
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conductivity, a modified form of conductivity vessel, with 
smaller electrodes placed further apart, has been found con- 
venient (Fig 37). 

Expetimcntal Determination o! Molecular CondnctiTity— It is 
clear that the observed resistance of the electrolyte must de- 
pend on what is usually termed the capacity of the cell, that is, 
on the cross-section of the electrodes and the distance between 
them. The specific conductivity, and hence the specific re- 
sistance, of the electrolyte could be calculated if these two 
magnitudes were known (p 242) ; but it is much simpler to 
determine the " constant *’ of the vessel, which is proportional 
to its capacity, by using an electrolyte of known conductivity. 
For this purpose, a 1/50 molar solution of potassium chloride 
may conveniently be used for cells of the first type. The 
method of procedure will be clear from an example. Referring 
to the figure, we have, for the resistance, S, of the electrolytic 
cell 

_ R*6c . J 

S = and conductivity C = = = =7 t-* 
ac s Kvc 

Further, since the specific conductivity, k, must be proportional 
to the observed conductivity, we have 

K - AC - 

where A is a constant. Since all the other factors, including k, 
the specific conductivity of potassium chlonde, are known, A, 
the constant of the cell, can be calculated. If, now, with the 
same distance between the electrodes, a solution of unknown 
specific conductivity, k,, is put in the cell, and for the resistance 
R' the new position of the contact is c', the specific conductivity 
in question is given by the formula 


By multiplying Kj by the number of c c. containing 1 mol of the 
solute, the molecular conductivity is obtained. 

An alternalive method oi edindating withoot irfeiwice 
to the cell constant is as follows If S and Sj re-^^t the 
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resistances of the cell containing N/SoKCi and the solution of 
specific conductivity /Cj respectively, then 


kS 



From the results of conductivity measurements in different 
dilutions, can readily be obtained directly for salts, strong 
acids and basis ; it is the value to which ft approximates on 
progressive dilution, cannot, however, be obtained directly 
for weak electrolytes, such as acetic acid and ammonia ; before 
the limiting value of the conductivity is reached with these 
electrolytes, the solutions would be so dilute as to render accu- 
rate measurement of the specific conductivity impossible. Tliis 
difficulty is got over by maldng use of Kohlrausch’s law. The 
value of p-co for acetic acid must be the sum of the velocities 
of the H* and CH3COO' ions. The former is obtained from the 
results of conductivity and transport measurements with any 
strong acid, and has the value 318 at 18®. In a similar way 
the velocity of the CHjCOO' ion can be obtained from ob- 
■' scrvaiions with an acetate for which the value of jx^ can con- 
vcnicnlly be found, r.g. sodium acetate, for the latter salt 
' ;kt 18° is 78-5, and as the velocity of thcNa- ion is43'S ot infinite 
dilution, that of the CH3COO' ion must be 78-S — 43'5 = 35-0. 
Hence for acetic acid 

Hao — + V = 35-0 -f- 3 j 8 = 353-0 at 18®. 

Results of Conductivity Measurements— In general, it may 
be said that the conductivity of pure liquids is small. Thus 
the specific conductivity of fairly pure distilled water is about 
10"* reciprocal ohms at 18®, and even this small conductivity 
is largely due to traces of impurities. It is a remarkable fact 
that the specific conductivity of a number of other liquids, 
which have been purified very carefully by Walden,* is of the 
same order as that given above for water. 

Mixtures of two liquids have in many cases a very small 
conductivity, not appreciably greater than that of the pure 
liquids themselves ; this is true of mixtures of glycerine and 

' Ztitsch, Pkyntal.Chem., 1903, 4G, 103. 
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water, and of alcohol and watte. On the other hand, a mixture 
of two liquids which are practicalljr non-conductors may have 
a very high conductivity^or example, mixtures of sulphuric 
acid and water. The results obtained for this mixture are 
represented in Fig. 38, the acid coocentratioo being measured 
along the horizontal axis, and the specific conductivity along 
the vertical axis. The figure shows that, on gradually adding 
sulphuric add to water, the spedfic conductivity of the mixture 
increases till 30 per cenL of add is present reaches a maxi- 
mum value at that point, and on further addition of add 
diminishes. When pure sulphuric add is present (100 per cent 



on curve), the conductivity is piacUcally zero, and is increased 
both by the addition of water (left-hand pact of curve) and of 
sulphur trioxide (right-hand part of curve). Further, the curve 
has a minimum between 84 and 85 per cent of acid, which, it 
is interesting to note, exactly corresponds with the composition 
of the monohydratc H^O,, H ,0 According to the electro- 
lytic dissociation theory, the conductivity depends on the pres- 
ence of free ions, and the curve for sulphuric acid and water 
shows in a very striking way that the condition most favourable 
for ionizalion is the presence of two substances Why ions are 
formed in a mixture of sulphunc acid and water, and not 
appreciably, if at all, in a mixture of alcohol and water, is no_t^ 
Well understood {ef. p 340) 
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conductivity has attained its maximum value) it is completely 
ionized or completely “active” as far as the conduction of 
electricity is concerned. 

The theory of Arrhenius is based upon the views of Clausius 
on conductivity, as has already been pointed out. Arrhenius, 
however, went much further, inasmuch as be showed how, from 
the results of conductivity and of osmotic pressure measure- 
ments, the degree of dissociation can be calculated*, as shown in 
the following section. 

Degree 0! Ionization from Condactivity and Osmotic Pressure 
fileasTU^mentS — According to the theory of electrolytic dis- 
sociation, the conductivity of a solution depends only on the 
number of the ions per unit volume, on their charges (which 
are the same for equivalent amounts of different electrolytes) 
and on their speed. For the same electrolyte we may assume 
that the velocities remain practically unaltered on dilution (the 
friction in a dilute solution being practically the same as that 
in pure water), therefore the increase of molecular conductivity 
with dilution must depend almost entirely on an increase in 
the number of the ions. The molecular conductivity at inffnite 
dilution is given by the formula 

where u and v are the speeds of cation and anion respectively, 
and the molecular conductivity at any dilution, v, must therefore 
be represented by the formula 

Mf = «(“ + v), 

where a represents the fraction of the molecules split up into 
ions. Hence, dividing the second equation by the first, we 
have 

/*co' 

that is, the degree oj dissoctalion, a, ai any dilution, is the ratio 
of ihe molecular conducimty at thal dilution to tke molecular 
conductivity at infinite dilution. For example, /i, for molar 
sodium chloride is 74‘3 and /tjo = log o, hence a = f£,//ieo = 
74-3/109-0 s= o 682. Hence sodium chloride in molar solution 
is about two-thirds split up into its ions. 
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We have now to consider the deduction of the degree of 
dissociation from osmotic measurements. The assumption made 
in this ease is that the osmotic prc-ssurc is proportional to the 
number of particles present, the ions acting as separate entities. 
If a molecule is partially dissociated into » ions and the degree 
of dissociation — the ionized fraction — is a, then the number of 
molecules will be I — o, and the number of ions fia. Hence 
the ratio of the number of particles actually present to that 
deduced according to Avogadro's hypothesis (van't Hoff’s factor 
f) will be 

t = l — a 4- na = I -f {an — l), 
i — I 

QT a ~ . 

« — I 

As an illustration, dc Vries obtained for a 0-14 molar solution 
of potassium chloride t= t-Si, hence, since n 2, a *= 0-Sl, 
or the salt is dissociated to the extent of 8l per cent, into its 
ions. » for a o-lS molar solution of calcium nitrate is 2‘4S, 

therefore, since n = 3, a = » 074 in this ease. 

The agreement in the values of i obtained from conductivity 
and osmotic measurements is strikingly shown in the accom- 
panying table (van’t Hoff and Rcichcr, 1889). The values of 
I (osmotic) arc from the results of dc Vries, those of 1 (freezing- 
point) mainly from the obscrs’alions of Arrhenius, and those 
of j (conductivity) arc calculated by means of the formula: 
o = /*r//‘o3 'and j = i 4- a[n — i) as explained .above. It is 
not certain that the results obt.iincd by the different methods 
can be expected to agree .absolutely [cf. p. 2S7). 


Svitmsace. 

Concentration 
(Rtamequiv. 
per litre). 

t (fretrinf;- 
pL), 

»' (ostnolic). 

I (conduc- 
tivity). 

KCl 

O' 1 4 

I -82 

l'8l 

I -86 

Lid 

O' 1 3 

1-94 

1-92 

1'84 

C.a(N03)5 

O'iS 

2-47 

2-48 

2'46 

MgCl, 

O'lo 

2-68 

2‘79 

2-48 

Cad. 

0-184 

2-67 

2'78 

2*42 


As regards the mode of ionization, it is cle.ar that univalent 
compounds, such as potassium chloride, can ionize only in one 
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way, thus, KCI £! K* Cl'. For more complex molecules, how* 
ever, there are other possibilities, thus calcium chloride may 
ionize as follows : CaCI| CaCl* + Cl' as well as in the normal 
way CaCl, ^ Ca** -f- 2CJ’. If ionization were complete according 
to the last equation, t would be *=* 3, as compared with the 
observed value, 2*67 for 0-x84 norma! solution, given in the 
table. Similarly, sulphuric acid may dissociate according to 
the equation H- + HSO/, the latter ion then under* 

going further ionization as follows : HSO,' H* + SO/. 

EffecI ol Temperatnrfl on ConducJivity— The conductivity of 
electrolytes increases considerably with rise of temperature. 
The temperature coefficient for salts is 0-020 to 0 023, for acids 
and some acid salts ooog to o-oi6, for caustic alkalis about 
0-020, and docs not vary much with dilution. Conductivity 
data are usually given for 18®, and the specific conductivity, *, 
at any other temperature, is given by the formula 

Kt = + e(S — 18)) 

where e is the temperature coefficient. 

As the conductivity of an electrolyte depends both on the 
number and velocity of the ions, the question arises as to 
whether the change of conductivity with temperature is due 
to the alteration of only one or of both these factors. Tlie 
matter can be at once decided by calculating the degree of 
dissociation at the higher temperature from conductm^ 
measurements in the ordinary way, and comparing with that 
at the lower temperature. For normal sodium chloride at 
50* the value of a » /ir/Moo ~ *32/203*5 => 0*65, which is 
only slightly less than the value at >8”, 0 682 Hence, as the 
considerable increase of conductivity with temperature cannot 
be due to an increase in the number of ions, it must be due 
to an increase in their speed. This increased velocity is doubt* 
less connected with the diminution In the internal friction of 
the medium with rise of temperature, and the consequent 
diminished resistance to the passage of the ions (p. 256]. 

Basicity ot Acids from CdnductiTify Measoiements (Empiri- 
cal) — The conductivity of N/32 and N/1024 solution* ''v.!"* 
lent normal) of the sodium salt of the acid is determ'^ 
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monobasic acids the difierence Ajqh — Ajj is about 10, for 
dibasic acids about 20, and so on (Ost'wald}. 

Grotfhtis’ Hypotbesis of Electrolytic Conaactivity— Long before 
the establishment of the electrolytic dissociation theory', Grotthus 
put forv.'ard a hypothesis to account for the conductivit},' of 
electrolytes which is of considerable historical interest. He 
assumed that under the influence of the charged electrodes 
the molecules of the salt, e.g., potassium chloride, arrange 
themselves in lines between the electrodes so that the potassium 
atoms arc all turned to the negative electrode, and the chlorine 
atoms to the positive electrode. Electrolysis takes place in 
such a way that the external potassium atom is liberated at 
the cathode and the chlorine atom at the anode. The potassium 
atom which is left free at the anode unites with the chlorine 
ato.m of the molecule next to it, the chlorine atom of the latter 
with a potassium atom of the molecule next in the chain, and so 
on. A similar process takes place starting at the anode, in other 
words, an exchange of partners takes place right along the 
chain, from one electrode to the other. Under the influence 
of the charged electrodes, the new molecules twist round till 
they are in the former relative position, when the end atoms 
are again discharged, and so electrolysis proceeds. 

The fatal objection to this ingenious theory’ is that a cora- 
siderablc E..M.F. would have to be employed before any de- 
composition whatever takes place, hence Ohm’s law would not 
hold (c/. p. 247). 

Practical ninstrations — The following experiments, which arc 
fully described in the course of the chapter, may readily be 
performed by the student : — 

(1) Experiment on the migration velocity of the ions (p. 252). 

(2) Rough determination of the absolute velocity of the 
MnO/ ion (p. 260). 

(3) Determination of the constant of conductivity vessel with 
n/50 potassium chloride. {The specific conductivity’, k, of this 
solution at different temperatures is as follows : 0-001522 at 0°, 
o-O0I9?5 at to", 0-002359 at 18’, and 0-002763 at 25°.) 

{4) Determination of the specific and molecular conductivities 
of solutions of sodium chloride and of succinic acid. 

As the conductivity of solutions varies greatly with the tern- 
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perature, the conductivity vessel must be partially immersed in 
a thermostat while measurements are being made. 

In the case of sodium chloride, measurements may be made 
with n/i, n/io and n/ioo solutions, and the values obtained 
for the molecular conductivity compared with those given in 
Kohlrausch’s tables * The results in very dilute solutions are 
not trustworthy unless great attention is paid to the purification 
of the water used in making up the solutions. 

In the case of succinic acid, it is usual to start with a 1/16 
molar solution ; 20 c.c. of this solution is placed in the con* 
ductivity cell in the thermostat, and when the temperature is 
constant the resistance is determined. 10 c.c, of the solution 
is then removed with a pipette, 10 c,c. of water at the same 
temperature added, the resistance again determined after 
thoroughly mixing the solution, and so on. Measurements are 
thus made in dilutions of l6, 32, 64. 128, 256, 512, and 1024 
litres. From the values of thus obtained, the degree of 
dissociation can be calculated by the usual formula a = 
fijo in this case can only be determined indirectly; its value at 
25^ is about 381. From the values of a m different dilutions, 
K, the dissociation constant of the acid may then be calculated ; 
according to Ostwald, K =* 0*000066 at ^5^ 

^ Full details of electrical conductivitir mevurements ud a large amount 
of conductirity data are given KoUrauseb and Holbom, JinlvemS/en 
der EUitrofyte, Leipzig, 189S. 
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It is preferable, however, to remember the dilution formula in 
the first form, or in the form a*f/(i — a) = K. 

This relationship, which is known as Ostwald's dilution law, 
may be tested by substituting a value for a (from conductivity 
or osmotic observations) at any dilution v, and calculating K, 
the equilibrium constant; the value of o at any other dilution 
may then be obtained from the formula and compared with 
that determined directly. This was done (from conductivity 
measurements) by van’t Hoff and Rocher, and the results are 
given in the accompanying table : — 

Acetic acid: K = 0-0000178 at I 4 'i* ; fiso = 3 l 6 - 

o (in litres) , . 0994 i-oi 159 tS I 1500 joio 7480 15000 

. I’i? 526 563 466 64-8 951 t 29 

looa (observed) . 0-40 0614 i*66 t•78 14-7 20-5 30-1 408 

looa (calculated) . 0-42 06 1-67 178 15-0 202 30-5 40-1 

The agreement between observed and calculated values is ex- 
cellent ; it Is, in fact, much closer than for any case of ordinary 
dissociation so far investigated. The table also shows how small 
is the dissociation of acetic acid solutions under ordinary con- 
ditions; a molar solution is ionized only to the extent of 04 
per cent., and even a 1/1500 molar solution rather less than 
15 per cent. 

The dilution law holds for nearly all organic acids and bases, 
but does not hold for salts, or for certain mineral acids and 
bases. The latter point is discussed in a later section. 

When the degree of dissociation is small, as in the case of 
acetic acid for fairly concentrated solution, a can be neglected 
in comparison with i, and the dilution law then becomes 

— = K or a 5 =,^Kii . . - (2) 

that is, for weak electrolytes ike degree of dissociation is approxi- 
mately proportional to the square root of the dilution. When 
a cannot be neglected in comparison with i, a is given by the 
equation 

Ko , /„ . KV 

+V&+— . 

18 


( 3 ) 
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obtained by solving equation (i) for o. In order to familiarize 
himself with the use of the dilution formula, the student should 
calculate a for acetic acid in different dilutions from the value 
of K given above both by the approximate and accurate 
formula. 

The physical meaning of the constant K will be clear if 
a in the dilution formula (l) is put — i. Then 2K = l/v, 
that is, 2K is the reciprocal of the volume at which the elec- 
trolyte is dissociated to the extent of 50 per cent. Acetic 
acid, for instance, will be half dissociated at a dilution of 

As the method of deriving it indicates, the dilution law 
applies only to binarj’ electrolytes, f.e., electrolytes which split 
up into two ions only, and it is not therefore a priori probable 
that it will hold for dibasic acids, such as succinic acid, which 
presumably dissociate according to the equation 

CH,(COOH)s CnH.lCOO)," -f 2H-. 


It is, however, an experimental fact that when the concentration 
of succinic acid is expressed in mols (not in equivalents) per 
litre, the values of K obtained by substitution in the dilution 
formula remain constant tlirough a wide range of dilution. 
This indicates that the acid at first splits up into two ions only, 
doubtless according to the equation 



COOH 

COOH 



COO' 

COOH 


-j- H- 


and that the second possible stage, represented by the equation 

P„/COO' /COO” , 

- ‘\COOH ^ ‘“\cOO + “ ■ 


is not appreciable under the conditions of the experiment. In 
other cases, however, e.g., fumaric acid, the value of K increases 
with dilution before the dilution has progressed very far, which 
indicates that the second stage of the dissociation early becomes 
of importance. 

Strength of Acids — Wc are accustomed to estimate the strength 
of acids in a roughly qualitative way by their relative displacing 
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PO'SM. Sulphuric acid, lor Bcample, is usually regarded as a 
strong acid, because it can displace such acids as acetic and 
hydrocyanic from combination. Tbij principle can be de- 
veloped to a quantitative method for estimating the lelauvc 
strengths of acids [and bases) if care is taken to make the com- 
parison under proper condidons. This is sufficiently secured 
by making the experiments in a homogeneous system under su£h 
conditions that all the reacting substances and products of reaction 
remain in the system. We learn in studying inorganic chernistry 
that many reactions proceed wholly or partially in a particular 
direction lot two main reasons: ^a) because an insoluble (or 
practically insoluble) product is formed which is thus removed 
from the reacting system, e g , 

•NajSO, 4- BaCl, iNaCI + BaSO, (insoluble) ; 

(b) because a volatile product ss formed which under the coQ* 
ditions of experiment leaves the reacting system, e g , 
aMaCl HjSO, KajSO* + aHCl (voUtilt). 

Such reactions are obviously unsuitable for determining the 
relative strengths of the acids concerned. 

Bearing these considerations in mind, we now proceed to 
investigate the relative strengths of, say, nitnc and dichloracetic 
acids by bringing them in contact with an amount of base insuf- 
ficient to saturate both of them, and find how the base distri- 
butes hseU betwcco the two acids, li, for example, the acids 
are taken in equivalent amount, and sufficient base is taken to 
saturate one of them, we have to determine the position of 
equilibrium represented by the equation 

CHClsCOOK + HNO 3 It CHCljCOOH + KNO, 

It is evident that no chemical method would answer the purpose 
because it would disturb the equilibnum. When, houever'a 
physical property of one of the components, which alien with 
the concentration, can be measure^ . 

can be determined. • . , 

depending on the ch , . . ' ' * , 

readily understood ft^.,., 

When a mol of potassium hydroxide is neutralized by cit/ic 
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acid in dilute solution, there is an increase of volume of about 
20 c.c. When, on the other hand, the same quantity of alkali 
is neutralized by dichloracetic acid, the increase of volume is 
about 13 c.c. It is therefore clear that the complete displace- 
ment of dichloracetic acid by nitric . acid, according to the 
equation 

CHCljCOOK + HNO 3 CHC1.C00H + KNO 3 , 


would give an increase of volume of (20 — 13) — 7 c.c. ; if no 
displacement took place, there would, of course, be no change 
of volume. The change actually observed was 5-67 c.c., which 
means that the reaction represented by the equation has gone 


from left to right to the extent of 


5-67 

7-0 


= 80 per cent, approxi- 


mately ; in other words, the nitric acid has taken 80 per cent, of 
the base, and 20 per cent, has remained combined with the 
dichloracetic acid. The relative strength, or relative activity, 
of the acids under these conditions is therefore 80 : 20 or 4 : I. 


Any other physical property, which is capable of quantitative 
measurement and differs for the two systems, can be equally 
well employed for the determination of equilibrium, The heat 


of neutralization has been used for this purpose by Thomsen, 
and the measurement of the refractive index by Ostwald ; the 
principle of the methods is exactly the same as in the example 
just given. 

Thomsen's thcrmochemical measurements were the first to 


be made on this subject, and he arranged the different acids 
in the order of their " avidities " or activities. Ostwald then 


showed that the same order of the avidities was obtained by 
the volume and refractivity methods, and, further, that the 
results were independent of the nature of the base competed for, 
so that the avidities arc specific properties of the acids. 

The relative strength of acids can also be determined on an 


entirely different principle, depending on kinetic measurements. 
It has already been pointed out that acids accelerate, in a 
catalytic manner, the hydrolysis of cane sugar, of methyl acetate, 
acetamide, etc. Ostwald made many experiments on this sub- 
ject and reached the very important conclusion that the order 
of the activity of acids is the same, whether measured by the 
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distribution method {which is, of course, a static method), or 
by a kinetic method. This affords further evidence in favour 
of the conclusion just mentioned, that the activity or affinity is 
a specific property of the particular acid, independent of the method 
by which it is measured. 

Thus far had our knowledge of the subject progressed when 
in 1884 the first paper of Arrhenius appeared He showed 
that the order of the "strengths" of the acids as determined 
by the methods just described is also that of their electrical con- 
ductivities in equivalent solution. This fundamentally important 
fact is illustrated in the accompanying table, in which the 
conductivities of the acids in normal solution are quoted, that 
of hydrochloric acid being taken as unity. 


Add. 

Thcrmochemicai, 

Rdative Activity, 
Cane Sugar. 

Conductivity.'' 

Hydrochloric 

100 

100 

too 

Nitric * . 

. 100 

100 

99-6 

Sulphuric 

. 49 

53-6 

65*1 

Monochloracetic 

9 

4-8 

4'9 

Acetic . 

— 

0-4 

1*4 


We have seen that, according to the electric dissociation 
theory, the electrical conductivity of an acid is mainly deter* 
mined by its degree of dissociation , for example, the con* 
ductivity of a normal solution of acetic acid is small because 
it is ionized only to a very small extent Further, owing to the 
predominant share taken by the hydrogen ions in conveying 
the current (p. 258), the relative conductivities of acids will be 
approximately proportional to their H* ion concentrations. It 
is therefore natural to suppose that the activity of acids, as 
illustrated by distribution and catalytic effects, is also due to 
that which all acids have in common, namely, hydrogen ions. 
This assumption is in complete accord with the experimental 
results, as the following illustration shows. The velocity con* 
stant for the hydrolysis of cane sugar in the presence of 1/80 
normal hydrochloric acid is 0-00469 at 54-3® (time in minutes) ; 
as the acid may be regarded as completely dissociated Ch* — 
0-0125. Ch* for T/4 normal acetic acid (0 » 4, cf. p. 273) may 
be calculated from the dilution formula or directly from the 
equilibrium equation as follows : — 
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(H-KCHjCOO'l [Hf _ (Hf 

(CH3COOH] [CH3COOH] {0-25 - I-M 

■whence Cjj- = 0-002. 


0-00001615, 


On the assumption tliat the catalytic cfTcct of acids is propor- 
tional to the H- ion concentration, the value of the velocity 
constant, x, for the hydrolysis of cane sugar by 0-25 normal 
acetic acid at 54-3“ should be 

0-0125 : 0-00469 : : 0-002 : X, 


whence x — 0-00075. This is identical with the result obtained 
experimentally by Arrhenius, and we have here a very striking 
confirmation of the electrolytic dissociation theory. 

From the above considerations, we conclude that the charac- 
teristic properties which acids have in common, such as sour 
taste, action on litmus, catalytic activity, property of neutralizing 
b.ascs, etc., arc due to the presence of H- ions. It must be 
remembered that direct proportionality between H- ion concen- 
tration and conductivity is neither observed nor to be expected 
from the theory; the approximate proportionality is due to the 
great velocity of the hydrogen ions, and would be altogether 
absent if the anions were the more rapid. 

As there is a simple relationship beUveen the H- ion con- 
centration of weak acids and their dissociation constants (p. 273}, 
it is clear that the beh.aviour of an acid can be to a great extent 
foretold when its dissociation constant h.as been measured. Sucli 
determinations have been made for a great number of weak 
acids by Ostwald and others, and some of the rc.su!ts are given 
in the accompanying tabic, which shows very clearly how greatly 
the v.iluc of K differs for different acids, and the influence of 
substitution : — ' 


Acid. 

Acetic II-CfLCOO 
Monochlor.-icet!c 11-CH,C1COO 
Trichloracetic H-CKCOO 
Cy-snscetic II-Cil.CNCOO 
Formic 11-HCOO 
Carbonic IJ-HCO, 

IlydroRcn sulphide H-SH 
Hydrorynnic ll-CN 
I’hciiol 


Value of K at 25® {n in litres). 

o-ooooit? "• iSo.ooo X 10-’’ 
0-001 ss — 

J -21 — 

00037 — ■ 

0000214 — 

— 3040 X lo-*'’ 

— 570 X 10- "* 

— 13 X 10-’* 

— 1-3 X I0-” 
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For a weak add, a «= where a is the degree of dis- 
sociation at the v olum e v. Hence, for two acids at the same 
dilution o/a' =^K/K', or the ratio of the degrees of dissocia- 
tion is equal to the square root of the ratio of the dissociation 
constants. From the data given in the table it can readily be 
calculated that in solutions of monochloracetic and acetic acid 
of the same concentration the ratio of the H- ion concentrations 
is approximately 9-3 • i The effect of replacing one of the 
hydrogens in acetic acid by chlonne is thus to form a much 
stronger acid and the CN group has a still greater effect, as the 
table shows. 

A further important point is the effect of dilution on the 
“ strength " of an acid the degree of dissociation in- 
creases regularly with dilution, it is evident that the actisnty of 
a weak acid will approach nearer and nearer to that of a strong 
acid (which is completely active in moderate dilution) until 
finally, when the weak acid is completely ionized, it will have 
the same strength as the strong acid in equivalent dilution It 
follows that the strength of aads is the more nearly equal the 
more dilute the solution, and that at " infinite dilution " all 
acids are equally strong It can readily be calculated from the 
conductivity tables that the relative strengths of hydrochloric 
and acetic acids in different dilutions are as follows:— 


Coaecotratida 

flit 

»/IO 

ntioo 

n/lOOO 

r/io,ooo 

oforHCl 

0-8 1 

0-91 

0-97 

0-99 

1*0 

a for HC^HjO, 

0 004 

0013 

0-04 

0-13 

0-4 

Ratio HC 1 /HC,H, 0 , 

200 

70 

24 

7*5 

3-5 


Strength ol Bases — Just as the strength of adds depends 
on their concentration in hydrogen ions, so the strength of 
bases depends on the concentration in hydroxyl ions. On this 
view, potassium hydroxide is a strong base, because in moderate 
dilution it is almost completely ionized according to the equa- 
tion KOH S K* + OH' ; ammonium hydroxide, on the other 
hand, is a weak base, because its aqueous solution contains only 
a relatively small concentration of OH' ions. Since certain 
organic compounds, including amines and alkaloids, have basic 
properties, their aqueous solutions must also contain OH' ions. 
Thus, solutions of pyridine, CjHjN, contain not only the free 
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base, but n certain concentration of CjIleN* and Off' ions, in 
equilibrium with the undissociated hydrate, as represented by 
the equation 

QUsNOH s; -I- oir. 

The, strenp.lh of bases may be determined by distribution or 
catalytic methods, correspoudinp. with those, already described 
for delermininp the strength of acids, ns well as by conductivity 
methods, A fairly satisfactory catalytic method is the elTccl 
on the rale of condensation of acetone to cliacctonyl alcolm!,* 
represented hy the cqnation 

sCdlaCOCH, -> Cn,COCH3C(CH,)sOH. 

Tlie order of the strength of bases as determined by this method 
agree.s with the results of coiuluctivlty measurements. Another 
method, which is not pvtrcly catalytic, since the base is »iscd up 
in the process, is the elTecl on the hydrolysis or saponification 
of esters (p. 215), This (irocess is usually represented by the 
typical equation 

CUjCOOC^Hs -1- KOH «« ClljCOOK - 1 - 0 ^ 11 , 011 . 

ICxpcricncc shows, however, that (or the so-called strong bases, 
which arc almost completely ionired in moderate dilution, the 
rate of hydrolysis is pr.ictically independent of the nature of 
tlic cation (whctiicr K, Na, Li, etc.), a fact which is readily 
accouiucd for on the view that the ions exist free in solution, 
.rs the tonic theory pos(iil,\(es, and (hat the OH' ions arc alone 
rctive in sapomlication. The general equation for the hy- 
drolysis of ethyl acetate by bases may, therefore, be written 
ns follows ; — 

ClljCOOCsHj OH' CH3COO' + CjMsOH. 

The relative strength of bases, as obtained from their efficiency 
in saponifying c.^ters, is in excellent agreement with their 
strength as deduced from condvtctivity measurements. The 
ioni/ation view of the s.aponific.ation of esters is further sup- 
ported by the (act that the reaction between ethyl acetate and 

* Kodichtn, /finch, rhpihl.Chtn., 1900, 33, ug. 
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barium hydroxide is blmolecular and not trimolecular, as would 
be anticipated if it proceeded according to the equation 

sCH^COOCjHj + Ba[OH), = (CM,COO),Ba + 2C.H,0H. 

The alkali and alkaline earth hydroxides are very strong 
bases, being ionized to about the saine extent as hydrochloric 
acid in equivalent dilution. Bases differ as greatly in strength 
as do acids ; the dissociation constants for a few of the more 
important are given in the table • — 

Base. Value of K (25“') (0 m litres). 

Ammonia NH, OH 0000023 330.000 x tO“** 

Metbylamine CHjNHj OH OVO050 — 

Tnmethylamine (CH|)|NH OH 0-000074 — 

Pjmdme C,H«N OH — 23 X lo-** 

Amlme C,H.NH, OH ~ 4-6 x lo-w 

Interesting results have been obtained as to the effect of sub* 
stItutioQ on the strength of bases. Thus the table shows that 
the basic character is increased by replacing one of the hydrogen 
atoms in ammonia by the CHj group, but is greatly diminished 
by the C,Hj group. 

Uixtore ol two Electrolytes with a CommOD Io&->-The dis* 
sociation of weak acids and bases is greatly diminished by the 
addition of a salt with an ion common to the acid or base. 
For example, the equilibrium in a solution of acetic acid is re- 
presented by the equation [H*] [CH,COO'] = K[CHjCOOHl, 
and if by adding sodium acetate the CH,COO' ion concen- 
tration is greatly increased, the H- ion concentration must 
correspondingly diminish, since the concentration of the undis- 
Bociated add cannot be greatly altered (nearly the whole of the 
acid being present in that form in the onginal solution) and 
therefore the right-hand side of the equation is practically 
constant. 

rhe exact equations representing the mutual influence of 
electrolytes with a common ion are somewhat complicated, but 
an approximate formula which is often useful can be obtained 
as follows : If the total concentration of 3 binary electrolyte is 
c and its degree of dissociation is o, we have, from the law of 
mass action, 

(«)(»») . j. 


(0 



iftC 
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Now ajv and a'jv' are the respective concentrations of H- ions 
in the isohydric solutions of the acids and have now been 
shown to be equal — in other words, the condition for isohydry 
is that the concentration of the common ion in the two solutions 
before mixing must be the same. 

The relative dilutions in which two acids or other electrolytes 
with a common ion are isohydric can readily be calculated from 
their dissociation constants. The value of K for acetic acid is 
O-OOOOIS, and for cyanacetic acid 0'0037, both at 25°. Since 
a = approximately, it is clear that the degree of dissocia- 
tion, a, will be the same for the two acids when the dilutions 
arc inversely as the dissociation constants. The dilution of the 
cyanacetic acid must therefore be 3700; 18, or 205 times that 
of acetic acid for isohydric solutions. 

Arrhenius has shown that by the principle of isohydric solu- 
tions the mutual influence of electrolytes with a common ion 
even of strong acids and their neutral salts, can be calculated 
with a considerable degree of accuracy, but the methods arc 
somewhat complicated and cannot be given here. Not only is 
the degree of dissociation of a weak acid greatly influenced by 
the addition of a strong acid, or other electrolyte with a common 
ion, but the latter is affected, though to a much smaller extent, 
by the presence of the former. It can, for instance, be calcu- 
lated that when a mol of acetic acid and a mol of cyanacetic 
acid are present in a litre of water, the dissociation of the 
former is only about 1/14 of its value in aqueous solution, 
whilst the presence of the acetic acid only diminishes the dis- 
sociation of the cyanacetic acid by 0-25 per cent. 

Mixture of Electrolytes with no Common Ion— The equi- 
librium in a mixture of two electrolytes without a common ion 
can be calculated when the concentrations and dissociation 
constants are known, but the calculation is somewhat compli- 
cated. If solutions of two highly-dissociated salts, such as 
potassium chloride and sodium bromide, arc mixed, small 
amounts of undissociated sodium chloride and potassium 
bromide will be formed ; but as the salts arc all highly dis- 
sociated, the mutual effect is very small. If dissociation is 
complete, the process will be represented by the equation 

K- + Cl' + Na- + Br' ^K- + Cl' + Na- + Br', 
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otherwise expressed, the salts will exert no mutual Influence. 
These considerations account for the observation of Hess 
(P- 153) ^he thermal effect of mixing dilute solutions of 
two binary salts is very slight. At the time Hess made his 
observation, it was extremely puz2ling, because it was known 
that the heats of formation of different salts were very different, 
and therefore heat should nther be absorbed or given out as an 
accompaniment of the double decomposition. On the basis of 
the electrolytic dissociation theory, however, Hess's results at 
once become intelligible, since both before and after admixture 
the solution contains mainly the same free ions 

To the question which is very often asked as to what com* 
pounds are present in a mixed salt solution, it must therefore 
be answered that all the undissociated salts and ions are present 
which can be formed by interaction of the components, and 
that the proportions m which the various molecules and ions 
are present depend on the concentrations and dissociation con« 
slants of the various salts. 

Qissodation 0! Strong Electrolytes’ — It has been pointed 
out (p. 273) that the law of mass action holds for weak (I'.r, 
slightly ionized) electrolytes, the ions being regarded as inde* 
pendent units. The proof of the applicability of the law has 
been brought more particularly by Ostwald from the results 
of measurements with organic acids. It is a remarkable fact, 
however, that the dilution formula, a*/(l — a)i»= K, which is 
a direct consequence of the law of mass action, does not appear 
to be valid for the so-called "strong” or highly dissociated 
electrolytes ; when the values of a, obtained from osmotic or 
conductivity measurements, are substituted in theabove formula, 
K diminishes greatly with dilution This is well shown m the 
following table for silver nitrate. The first column contains 
V, the volume in litres in which i mol of the salt is dissolved, 
in the second column is given the value of a calculated from con- 
ductivity measurements at 25*, and in the third column are 
given the values of K calculated by means of the dilution 
formula. 


■C/, General Discussion, TYant. J^araJa^ Stetety, I9I9> 16. 
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V. 


K. 

K,. 

16 

©'8283 

0-253 

Ml 

32 

0'8748 

0-191 

m6 

64 

0-8993 

0-127 

i-o6 

128 

0-9262 

0-122 

1-07 

256 

0-9467 

0-124 

1-08 

512 

0-9619 

0-125 

1-09 


The deviations from the simple law appear to be fairly 
regular in character, and van't Hoff has proposed an empirical 
formula which represents with a fair degree of accuracy the 
behaviour of the great majority of strong electrolytes. The 
formula in question is of the form 

o3/(l - «)-» = Kj 
which may also be written 

CVCl = K, 

where Cj represents the concentration of the dissociated part 
(the ions), C,, that of the undissociated part. The application 
of this formula to solutions of silver nitrate is illustrated in 
the table, and it will be observed that the values of Kj in 
the fourth column arc fairly constant. The slightly different 
formula suggested by Rudolphi 


is scarcely as satisfactory as that of van’t Hoff. Some observers 
have suggested a generalized form of van’t Hoff’s formula,^ as 
follows : — 

C?/C,. = Ks 

and experiment shows that in many cases n docs not differ 
much from 1-5. When n is 1-5 the general formula reduces to 
that of van’t Hoff. 

Tire reason why the law of mass action does not apply to 
strong electrolytes, although it holds so accurately for weak 
electrolytes, has not been satisfactorily elucidated. It was long 

* Cf, Bancroft, Zeitsch. Physikal. C/ietn., 1899, 31 > iSS. 
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thought that the values of a obtained from the results of con- 
ductivity measurements were not the true values of the degree 
of dissociation, but recent very careful comparison shows that 
the results obtained by conductivity and freezing-point deter- 
minations in dilute solution for the best-investigated substances 
do not, as a rule, differ by more than 2 per cent, on the average, 
and even these differences may be due largely to experimental 
error.^ In a few cases only does there appear to be a real 
difference between the results obtained by the two methods 
As neither of the values for o gives a constant value for K when 
substituted m the ordinary dilution formula, there can be no 
doubt that strong electrolytes do behave in an anomalous way. 

Several disturbing causes might be suggested to account for 
this behaviour, including (n) the formation of complex ions 
by combination of the ions with non-ionized molecules; {b) 
mutual infiuence of the tons; (e) interaction of the ions and 
the solvent, including more particularly hydration of the ions, 
and one or more of these effects may be operative in any 
one solution. The existence of complex ions m solutions has 
been definitely proved by Hittorf and others. In solutions of 
cadmium iodide, for instance, there is evidence that T ions unite 
with Cdlj molecules to form complex 10ns of the formula Cdl^" 
The formation of complex ions would dimmish the number of 
non-ionized molecules but not the total number of ions ; it would 
thus affect the osmotic pressure, but not to any extent the con- 
ductivity. This disturbing effect will be greatest in fairly con- 
centrated solutions. In dilute solutions of salts of the alkalis 
and alkaline earths, the values of a obtained by conductivity 
and osmotic pressure methods are very nearly equal, and this 
result appears to show that there is little or no complex ion 
formation in these solutions 

As to the possible effect of the ions on each other consider- 
able progress has been made. The fact that weak electrolytes 
follow the law of mass action through a very wide range of 
dilution is probably connected with the fact that under all cir- 
cumstances the ionic concentration is small, a condition which 
no longer holds in solutions of strong electrolytes. The theory 

»NoyM and Talk,/. Arntr. Cktm Sec.. 1912, 34 , 4 S 4 . ““<1 

Randal], he. nt , 1921, 43 , IIIS 
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of interionic attraction (p. 347) has done much to elucidate the 
anomalies. 

The possiblity of the interaction of the ions with the solvent 
has been much discussed, but as no general agreement has been 
reached on the matter, a short reference to the subject here will 
suffice. One way in which this effect might influence the results 
would be if the ions became associated with a large proportion 
of water which no longer acted as solvent. The effective con- 
centrations of an ion would then be the ratio of the amount 
present to that of the " free ” solvent, instead of to the total 
solvent, as usually calculated. As, however, no satisfactory 
method of estimating the relative proportions of free and com- 
bined solvent in the solution of an electrolyte has yet been 
suggested the question is at present mainly of theoretical in- 
terest (p. 341). 

Many years ago Nernst * suggested the most logical method 
of dealing with the problem of strong electrolytes. He con- 
sidered that, owing to their mutual influence, the activity of 
the various substances (ions and non-ionized substances) present 
is not proportional to their respective concentrations, but 
certain correcting factors have to be applied depending on the 
extent of the mutual mfluence. Among these effects, that, of 
the ions on each other and on the non-ionized part of the mole- 
cules, as well as the mutual influence between ions and solvent, 
seemed to be of special importance (p. 347). 

Electrolytic Dissociation of Water. Heat of Neutralization— 
So far we have regarded the usual solvent water simply as a 
medium for dissociation, but there is evidence to show that it 
is itself split up to a very small extent into ions, according to 
the equation 

HjO 5 : H* + OH'. 

Applying to this equation the law of mass action, we have, as 
usual, 

[H'](OH'] = K[H,0], 

where K is the dissociation constant for water. As the ionic 
concentrations are extremely small the concentration of the 

^ Zeitsek. physikal. Chem<, igol, 38, 487. 
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water is practically constant, and therefore the product of the 
concentration of the ions 

= K*,, a constant. 

It has been found by different methods, which will be re- 
ferred to later {p 298), that the value of the above constant at 
25* is about l'2 X 10"'*. In pure water the concentrations of 
the ions are necessanly equal, hence = Cq^- = »Jv2^rio ~ “ 
= I'l X 10"’ at 25*. Otherwise expressed, this means that 
pure water contains rather more than I mol of H* and OH' ions, 
that is I gram of H- 10ns and 17 grams of OH' 10ns, in 10’ or 
10,000,000 litres. The ionic product is independent of whether 
the solution is acid or alkaline, and therefore in a normal solu- 
tion of a (completely dissociated) acid, since Ch* = 1, Cqh' >s 
only 10"'*, and in a solution of a normal alkali is corre- 
spondingly small. 

These considerations are of great importance in connection 
with the process of neutralization. Assuming that the solutes 
are completely ionized, the neutralization of i mol of sodium 
hydroxide by hydrochloric acid in dilute solution may be repre- 
sented as follows 

Na + OH' -f H- - 1 - Cl' = Na- -f Cl' + H, 0 . 

Since Na* and Cl' ions occur m equivalent amount on each 
side, they may be neglected, and the equation reduces to 
OH' + H- = H, 0 , 

or, otherwise expressed, the combination of hydrogen and 
hydroxyl ions to form tvater. The same equation applies to 
the neutralization of any other strong base by a strong acid; 
provided that the solutions are so dilute that dissociation is prac- 
tically complete, Ike process in all cases consists tn the combination 
of H- and OH' ions to non-tonised water. It may, therefore, be 
anticipated that for equivalent amounts of different strong bases 
and acids the heat of neutralization will be the same, and that 
this is acCuaffy the case is shown m Che ffret part 0/ Che table 
The magnitudes of the heats of neutralization apply for molar 
quantities. 
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Heats of Neutralization. 

Acid and Base. Heat of Neutralization. 

HCI and NaOH 13.700 cal. 

HBr and NaOH 13.700 cal. 

HNO3 and NaOH 13,700 cal. 

HCI and |Ba(0H)2 13,800 cal. 


NaOH and CH3COOH 13,400 cal. 

NaOH and HF 16,300 cal. 

HCI and ammonia 12,200 cal. 

HCI and dimethylamine 11,800 cal. 

The fact that the heat of neutralization of strong acids and 
bases is independent of the nature of the acid and base was 
long a puzzle to chemists, and the simple explanation given 
above is one of the conspicuous triumphs of the electrolytic 
dissociation theory. 

Below the dotted line in the above table are given the heats 
of neutralization of two weak acids by a strong base and of two 
weak bases by a strong acid. As the table shows, the heat 
development in these cases may be more or less than 13,700 
cal. for molar quantities, and a little consideration affords a 
plausible explanation. The neutralization of acetic acid, which 
is very slightly ionized, by sodium hydroxide, may be repre- 
sented by the equation 

CH3COOH + Na- + OH' - CH3COO' + Na- + HjO, 

which may be regarded as taking place in two stages — 

(I) CH3COOH = CH3COO' + H- : (2) H- + OH' = H3O. 

The heat of neutralization is, therefore, the sum of two effects 
(1) the heat of dissociation of the acid ; (2) the reaction 
H- + OH' — HjO, which gives out 13,700 cal. Hence, since 
the observed thermal effect is 13,400 cal. the dissociation of 
the acid must absorb 300 cal. For hydrofluoric acid, on the 
other hand, the reaction HF = H- -f F' is attended by a heat 
development of 16,300 — 13,700 — 2,600 cal. We have thus 
an approximate method of determining the heat of ionisation of 
electrolytes, which may be positive or negative. 
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In the above paragraphs the total heat change has been 
regarded as the algebraic sum of the heats of neutraliration 
and of ionization, but it is probable that other phenomena, for 
example, changes of hydration, also play a part. 

Hydrolysis — It is a well-known fact that salts formed by a 
Weak acid and a strong base, such as potassium cyanide, show an 
alkaline reaction in aqueous solution, whilst salts formed by the 
combination of a weak base and a strong acid, for example, 
ferric chloride, have an acid reaction. In the previous section 
it has been mentioned that water is slightly ionized, according 
to the equation HjO » H- + OH', and may therefore be re- 
garded as at the same time a weak acid (since H* ions are 
present) and a weak base (owing to the presence of OH' ions). 
It will now be shown that the behaviour of aqueous solutions 
of such salts as potassium cyanide and ferric chloride are guanli' 
tmively accounted for on the assumption that water is electro* 
lytieally dissociated. 

In a previous section (p 275) it has been pointed out that 
when two acids are allowed to compete for the same base, the 
latter distnbutes itself between the acids in proportion to their 
avidities, and it has also been shown that the ratio of the 
avidities of two acids is the ratio of the extent to which they 
are electrolytically dissociated. The same appbes to a salt in 
aqueous solution, aoter, tn virtue of its hydrogen ion concen- 
tration, being regarded as one of the competing acids. In the 
case of a salt of a strong acid, such as sodium chloride, it 
would not be anticipated that such a weak acid as water would 
take an appreciable amount of the base, and the available 
experimental evidence quite bears out this expectation. In 
other words, an aqueous solution of sodium chloride contains 
Only Na* and Cl' ions and undissociated sodium chloride in 
appreciable amount, and is therefore neutral. 

The case is quite different for a salt formed by a strong base 
and a weak acid, such as potassium cyanide. Here water as 
an acid is comparable in strength to hydrocyanic acid, and 
therefore there is a distribution of-th >^ Haisp he tween the acid 
and the water according t ojheeqiiafaoa.. 

KCN -f- H ,0 KOH + HCN, 
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the proportions of potassium cyanide and potassium hydroxide 
depending upon the relative strengths of water and hydrocyanic 
acid. 

From the equation it is evident that potassium hydroxide and 
hydrocyanic acid must be present in equivalent amount ; and 
since the hydroxide is much more highly ionized that hydro- 
cyanic acid, the solution contains an excess of OH' ions, and 
must therefore be alkaline, as is actually the case. 

This process is termed hydrolysis, i.e., decomposition by 
means of water. Similar considerations apply to the salts 
formed by combination of weak bases and strong acids, such 
as aniline hydrochloride. As water is comparable in strength 
to aniline as a base, an equilibrium is established according to 
the equation 

CgHENHaCl + HOH C.HsNHsOH + HCl. 

In this case there is an excess of H- ions, as hydrochloric acid 
is much more highly ionized than anilinium hydroxide, and 
therefore the solution has an acid reaction. 

A salt formed by the combination of a weak acid and a 
weak base, e.g., aniline acetate, is naturally hydrolysed to a 
still greater extent. These, three types of hydrolytic action 
will now be considered quantitatively. 

(fl) Hydrolysis ol the Salt o£ a Strong Base and a Weak 
Acid — A typical salt of this type is potassium cyanide, the hy- 
drolytic decomposition of which is represented by the equation 

KCN -f HOH KOH -h HCN, 

or, according to the electrolytic dissociation theory, 

K- -h CN' + HOH $ K- -f OH' -h HCN, 

on the assumption, which is. only approximately true, that 
potassium cyanide is completely ionized and hydrocyanic acid 
non-ionized. 

The equilibrium can now be investigated, and the extent of 
the hydrolysis determined, if a means can be found of deter- 
mining the equilibrium concentration of one of the reacting 
substances, for example, the OH' ions. This could not, of 
course, be done by titrating the free alkali, as the equilibrium 
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would thus be disturbed, but one of the methods given on 
p. 280 may conveniently be used. The method which has 
been most largely used is to determine the effect of the mixture 
on the rate of saponification of methyl acetate, which, as has 
already been pointed out, is proportional to the OH' ion con* 
centration. The amount of hydrolysis per cent., loor, for 
different concentrations, c, of potassium cyanide (mols per litre) 
at 25“, determined by the above method, is as follows ; — 
c . . 0*947 0*235 0-095 0*024 

loojf . . 0*31 072 1*12 2*34 

Kj . . 0*9 1-2 1*2 1*3 X io-« 

The table shows that, as is to be expected, the degree of hy- 
drolysis increases with dilution. 

A general equation, by means of which the equilibrium con- 
dition can be calculated when the acid and base are not neces- 
sarily present in equivalent proportions, can readily be obtained 
by applying the law of mass action to the general equation 
B* + A' -f H ,0 B* -h OH' + HA, 

where B* and A' represent the positive and negative ions respec- 
tively. As B* occurs on both sides of the above equation, the 
latter can be simplified to 

A' + HtO;2 0H'-hHA. 

As the salt and the base are practically completely ionized, and 
the acid is not appreciably ionized. A' and OH' are proportional 
to the concentrations of salt and base respectively, and HA to 
that of the acid. Hence, from the law of mass action, 

[OH'][HA] ffree basej [free acidj . . 

A' ~ (unhydrol salt] ~ * ' 

a constant, as the concentration of the water may be regarded 
as constant. Kj is termed the hydrolysis constant, and, like 
the ordinary equilibrium constant, is independent of the relative 
concentrations of the substances present at equilibrium, but 
depends on the temperature. 

In order to illustrate the use of the above formula, the values 
of Kjk may be calculated from the data for potassium cy 
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already quoted. In 0-095 molar solution, potassium cyanide is 
hydrolysed to the extent of i‘i2 per cent., hence 


and 

Henee 




“-acid ' 


0-095 X 1-12 
too 


0-001064, 


K^ 


Csali = O'OPS — 0-001064 
_ (o-ooio64)(o-ooio64) _ 
0-094 ~ 


= 0-094. 

1*2 X I0“®. 


The values of the hydrolysis constant, calculated from the 
other observations, are given in the table, and arc approxi- 
mately constant, thus confirming the above formula. Con- 
versely, when from one set of observations the value of K* 
has been obtained, the degree of hydrolysis at any other dilu- 
tion can be obtained by substitution in the general formula. 

For convenience of calculation, the simple formula in which 
the acid and base are present in equivalent proportions, may 
be written in the form 


(I - x)v 


= Kh. 


(la) 


in which x represents the proportion of acid and base formed 
by hydrolysis from 1 mol of the salt and v is the dilution. 
This form of the equation shows at a glance that the degree of 
hydrolysis, that is, the value of x, increases with dilution. More- 
over, from the great similarity of the formula (la) to the dilution 
formula, it is evident that when the hydrolysis is small it is 
greatly diminished by the addition of a strong base, just as the 
degree of dissociation of acetic acid is greatly diminished by the 
addition of an acetate. 

The quantitative relation between the hydrolysis constant, 
K^, and the dissociation constants for the weak acid and water 
respectively may be obtained as follows : The electrolytic dis- 
sociation of the acid, HA, is represented by the equation 


[H-][A'] = K„[HA] . . . (2) 


where K„ is the dissociation constant of the acid. In the 
solution there is the other equilibrium [H-] [OH'] = K,, (3) 



EQUILIBRIUM IN ELECTROLYTES 


where K„ is the ionic product for water. Dividing equation 
(3) by (2) we obtain 

[OH^fHA] .. 

A' . ( 4 ) 

The left-hand side of the above equation is simply equation (l) 
for the hydrolytic equilibrium (p. J93), hence 

[free base] [free acid] _ ^ 

[unhydroJ. salt] * * * 15 ) 

that is, ihe hydrolysis constant AT* is the ratio of the ionic pro- 
duct K„ for water to the dissociation constant of the acid. It 
has already been deduced from general principles (p. 291) 
that the hydrolysis is the greater the more nearly the strength 
of water as an acid approaches that of the competing acid, and 
the above important result is the mathematical formulation of 
that statement. 

In order to illustrate this point more fully, the degree of 
hydrolysis of a few salts in t/io molar solution at 25” is given 
in the accompanying table 


S«lc. 

Sodium carbonate 
Sodium phenolate 
Potassium cyanide 
Borax 

Sodium acetate 


Decree of hydzolTsh, 
3-I7 per cent. 

• 3-05 » 

• t'12 „ 

.005 „ 

. o-oo8 „ 


The numbers illustrate in a very striking way the fact that only 
the salts of very weak acids are appreciably hydrolysed. Thus 
although acetic acid is a fairly weak acid (K = l*8 X lO”*), 
sodium acetate is only hydrolysed to the extent of o-oo8 per 
cent, at 25®, and even potassium cyanide is only hydrolysed to 
the amount of about r per cent, m l/io normal solution, although 
the dissociation constant of the add is only 1*3 x I0““ A com- 
parison of the above table with the dissociation constants of the 
acids (p. 278) is very instructive. From the known values of Ka 
and Kii. for hydrocyanic acid and water respectively at 25®, we 
have 


Ka “ 


1-2 X 10~** 
1*3 X IO-" 


= 0-9 X 


10"* = K», 
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already quoted. In 0-095 molar solution, potassium cyanide is 
hydrolysed to the extent of i-i2 per cent., hence 




Eacid 


0-095 X I-I 2 
" 100 


= 0-001064, 


and Caait = 0-095 — 0-001064 = 0-094. 

„ ..a X .o->. 

0-094 


The values of the hydrolysis constant, calculated from the 
other observations, are given in the table, and are approxi- 
mately constant, thus confirming the above formula. Con- 
versely, when from one set of observations the value of 
has been obtained, the degree of hydrolysis at any other dilu- 
tion can be obtained by substitution in the general formula. 

For convenience of calculation, the simple formula in which 
the acid and base are present in equivalent proportions, may 
be written in the form 




(Iff) 


in which x represents the proportion of acid and base formed 
by hydrolysis from i mol of the salt and v is the dilution. 
This form of the equation shows at a glance that the degree of 
hydrolysis, that is, the value of x, increases with dilution. More- 
over, from the great similarity of the formula (la) to the dilution 
formula, it is evident that when the hydrolysis is small it is 
greatly diminished by the addition of a strong base, just as the 
degree of dissociation of acetic acid is greatly diminished by the 
addition of an acetate. 

The quantitative relation between the hydrolysis constant, 
Ka, and the dissociation constants for the weak acid and water 
respectively may be obtained as follows : The electrolytic dis- 
sociation of the acid, HA, is represented by the equation 


[H-][A'] = K„[HA] . . . (2) 


where K„ is the dissociation constant of the acid. In the 
solution there is the other equilibrium [H-] [OH'] = K,b {3) 
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where Ka, is the ionic product for water. Dividing equation 
{3) by (2) we obtain 

[OHItHAl K„ 

A' ... (4) 


The left-hand side of the above equation is simply equation (i) 
for the hydrolytic equilibrium (p. 293), hence 

[free base] [free acid] _ _ Ku> 

[unhydrol. salt) ~ ^ K, * * ' 5 ) 

that is, ihe hydrolysis constant is the ratio of the ionic pro- 
duct Kx, for water to the dissociation constant of the acid. It 
has already been deduced from general principles (p. 291) 
that the hydrolysis is the greater the more nearly the strength 
of water as an acid approaches that of the competing acid, and 
the above important result ts the mathematical formulation of 
that statement. 

In order to illustrate this point more fully, the degree of 
hydrolysis of a few salts in i/io molar solution at 25” is given 
in the accompanying table 


Salt 



Degfrte of bydrolTsis. 

Sodium carbonate . 



. 3-17 per cent 

Sodium phenolate . 



■ 3 05 „ 

Potassium cyanide . 



• >r 

Borax 



.005 „ 

Sodium acetate 



. 0008 „ 


The numbers illustrate in a very striking way the fact that only 
the salts of very weak acids are appreciably hydrolysed. Thus 
although acetic acid is a fairly weak acid (K =* i'8 X lo"®), 
sodium acetate is only hydrolysed to the extent of ocwS per 
cent, at 25®, and even potassium cyanide is only hydrolysed to 
the amount of about 1 percent in l/io normal solution, although 
the dissociation constant of the acid is only 1*3 X io“*. A com- 
parison of the above table with the dissociation constants of the 
acids (p. 278) is very instmchve. From the known values of 
and Ku, for hydrocyanic add and water respectively at 25 » 
have 

_ 12 X 10— _ X > 0 - = K,. 

V V Trt-» ^ 
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in sntisfnclory s^grccmcnt willi the observed vnine of i'2 x lO'* 
(p. 204). As a maltcr of fact, however, it is easier to deter- 
mine the hydrolysis constant than the dissociation constant for 
a very weak acid, and therefore the latter is often calculated 
from the observed value of the hydrolysis constant by means 
of the above formula. 

{b) Hydrolysis ol tbo Sail of a Weak Baso and a Strong Acid— 
The same considerations apply in this ease as for the salt of a 
strong base and a weak acid. The general equation for the 
equilibrium is of the form 

B' + A' d- HttO BOH -1- H- H- A' 
which simplifies to 

B> -I- HjO 7- BOH + II‘. 

Applying the law of mass action, we obtain 

[BOH][H'] [free base] [free acid) ’ 

B- “ [unhydrol. salt] " 


exactly the same equation as is applicable to the hydrolysis of 
the salt of a strong base and a weak acid. Further, it may be 
shown, by a method exactly analogous to that employed in the 
previous section, that in this ease 


Ka- 


il. 

IL 


. ( 2 ) 


that is, the hydiolysis coiisbuu Kj for the soil of n weak base and 
a stront; arid is the ratio of the ionic prodnet for water, K,,., and 
the dissociation roiistant of the base, Kj. 

A typical ease is the hydrolysis of uvea hydrochloride,^ which 
may be represented thus — 

coNaH-s + Cl' + HjO coNjIIjOH H- + cr. 

It is clear that the degree of hydrolysis can at once be obtained 
when the H* ion concentration in the solution has been deter- 
mined, and for this purpose any of the methods previously 
described can be employed (p. 276), such ns the ctTcct on the 

> Wnlkcr, Pfse. A\p>. S.v. {Kdin.), 1S94, 18 , 255. 
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rate of hydrolytic decomposiUon o{ cane sugar or 0! methyl 
acetate or by electrical conductivity measurements. In the 
experiments quoted in the table, gradually increasing amounts 
of urea were added to normal hydrochloric acid, and the H* 
ion concentration deduced from a comparison of the velocity 
constant for the hydrolysis of cane sugar in the presence of the 
free acid (fegh ^^d with the addition of urea (J^). 

Normal hydrochloric acid + c normal urea. 





I - Hh 

e-l+m 


e. 

k. 

free HCI. 

•• salt formed. 

a free urea. 

Kft. 

0 

0 0031 5 = feo 

I 

— 

— 

— 

0*5 

0-00237 

o>53 

0-247 

0-253 

0-77 

J-0 

0-00184 

0-585 

0-4IS 

0-585 

0 82 

2-0 

0-00114 

0-36 

0-64 

1*36 

077 

4-0 

0-0006 

0-19 

0-81 

3-19 

0-75 


On the assumption that the rate of hydrolytic decomposition 
U propotticnal to the H* ion concentration, kfk^ represents the 
concentration of the “ free ” hydrochloric acid, and [1 -- k/kg) 
that of the bound add, which is, of course, that of the unhydrC’ 
lysed salt. The concentration of the free urea, that is, of the 
hydrolysed salt, is therefore c — (t — Substituting in the 
general formula— 

[free base] [free acid] _ -- (1 — klk^)][k(kc] ^ „ 

[unhydrol. salt] i — kjkg 

The values of the hydrolysis constant are given m the sixth 
column of the table, and are approximately constant, as the 
theory requires. 

The degree of hydrolysis of a few salts of weak bases and 
strong acids in i/io molar solution at 25® is given in the table, 
and the results should be compared with the values for the 
dissociation constants of weak bases (p. 281) in order to illustrate 
equation (2). 

Salt. Degree of hydrolysis 

Ammonium chloride . . . 0005 per cent 

Aniline hydrochloride . . .15 

Thiazol hydrochloride . 19 

Glycocoll hydrochloride . 20 
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Hydrolysis of the Salt of a Weak Base and a Weak Add — 
The hydrolysis of aniline acetate, a typical salt of this class, is 
represented by the equation 

C0H5NH3 • CH3COO + HOH ^ CaHjNHaOH + CH3COOH, 

which, on the assumption that the salt is completely, the base 
and acid not at all, ionized, may be written as follows : — 

C(,HsNH 3-+CH3COO'+HOH ^ CoHsNHa-OH+CHaCOOH. 

Applying the law of mass action, and using the former symbols, 

[BOH][HA] [base] [acid] K„ 

[B-][A-] [unhydrol. salt]2 ~ ^ K„Ki’ 

If we express the amounts (in mols) of the base, acid and 
salt respectively in volume v of the solution by b, a, and s re- 
spectively, the above equation becomes 



that is, the degree of hydrolysis of the salt of a weak base and a 
weak add is independent of the dilution. Experiment shows 
that in dilutions of 12-5 and 800 litres, aniline acetate is hydro- 
lysed to the extent of 45-4 and 43-1 per cent, respectively; 
the slight deviation from the requirements of the theory is 
doubtless due to the fact that the assumptions made in deducing 
the above formula are only approximately true. 

Determination of the Dissodation Constant for Water— It 
has been shown above that the process of hydrolysis in the 
case of a salt of a strong base and a weak acid may be looked 
upon as a distribution of the base between the weak acid 
and water acting as an acid, and the degree of hydrolysis 
therefore depends on the relative strengths of the weak acid 
and water. The relationship between these three factors is 
expressed by the equation 

[free acid] [free base] _ _ Ku, 

[unhydrol. salt] ~ * ~ Kg 
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where K* is the hydrolysis constant, K* the dissociation con- 
stant for the acid, and K,* the ionic product for water. It is 
clear that if the degree of hydrolysis of a salt and the dissocia- 
tion constant of the acid are known, K„ can be calculated, and 
this is one of the most accurate methods for determining the 
degree of dissociation of water. As an illustration, we may 
calculate K^, from Shields’s value for the hydrolysis of sodium 
acetate— -o-oo8 per cent, in o-i molar solution at 25® (Arrhenius, 
Feb., 1 8p3). We have 

C,„d = = 0-00008 X O-i, 

C„„ = 0*1 (the amount hydrolysed being negligible 
tn comparison). 

(0-00008 X 0-1)* ^ 6 

Hence = 0-64 x 10 * =* K». 

0*1 

Now Kw=aKiK«**(o-64x 10" ’IxCi-Sx 10" *)=i*i6x 10" 

Since (H*][OH'J is thus found to be approximately t>2 x 
10“**, the concentration of H* or OH' ions (raols per litre) in 
water at 25* is r-i x to"*. 

Ktf can also be calculated from measurements of the hy- 
drolysis of salts of strong acids and weak bases, and, perhaps 
with stij] greater accuracy, from measurements with salts of 
weak acids and weak bases * by means of the formula 

K» = K„/KoK>. 

The degree of dissociation of water has been determined by 
three other methods at 25® with the following results : — 

E.M.F 0/ hydrogen-oxygen cell (OstwaJd, January, 

1893) (corrected value), 1*0 X I 0 “* at 2 $“. 

Velocity of hydrolysis of methyl acetate (van’t Hoff- 
Wijs, March, 1893), ^ lO"* at 25". 

Conductivity of purest water (Kohlrausch, 1894), 

1-05 X 10 "’ at 25*. 

When it is borne in mind how small the dissociation is, 
the close agreement in the values obtained by these four 

* Lunden, /. Ckim. Pkyt^ 5, 574 i Ksnolt,/. Amtr Chtm Set., 

1907, 29 , 1403. 
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independent methods is very striking, and forms a strong 
justification for the original assumption that water is split up 
to an extremely small extent into ions, 

The question can bo still further tested by applying van’t 
Hoff’s equation connecting heat development and displacement 
of equilibrium to the equilibrium between water and its ions. 
For the degree of dissociation at different temperatures, the 
following values were obtained by Kohlrausch from conduc- 
tivity measurements ; — 

Temperature , . o° 2° 10° 15“ 26° 34° 42° 50“ 

Degree of dissociation 0-35 0-39 0-56 o-S 1-09 1-47 1-93 2‘48xiO“^ 

From any two of these measurements the heat development, Q, 
of the reaction, HjO ^ IT + OH', can be calculated by sub- 
stitution in the general formula (p. 1 73), 

From the values ^ of K at 0® and 50°, Q = — 13,740 cal., and 
from that at 2° and 42°, Q = — 13,780 cal. 

In a previous section (p. 289) it has been pointed out that, 
according to the electrolytic dissociation theory, the neutraliza- 
tion of a strong base by a strong acid consists essentially in the 
combination of H- and OH' ions to form water. The heat 
given out in the reaction is about 13,700 cal. for molar quanti- 
ties, in excellent agreement with the above value. This sup- 
ports the assumption that the variation of the conductivity of 
pure water with temperature is due to the displacement of the 
equilibrium H- T OH' ^ H^O, in the direction indicated by 
the lower arrow. The value of Q, obtained directly as above, 
may be termed the heat of ionization of water; it is the heat 
given out when i mol of H- and OH' ions combine to form 
water. 

The heat of ionization of any electrolyte can naturally be 
calculated in the same way from the displacement of the equi- 
librium with temperature. The effect of increased temperature 

>K, - (2-48 X lo-’)’ at 50°: K, - (0-35 x 10-’)* at o” (p. 288) 
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on the degree of ionization is almost always slight, and in the 
majority of cases the ionization is slightly diminished. As an 
illustration, the degree of electrolytic dissociation for i/io molar 
sodium chloride over a wide range of temperature, as deter- 
mined by Noyes and Coolidge,* may be quoted. The values 
obtained were 84 per cent, at 18* 79 per cent, at 140®, 74 per 
cent, at 218®, 67 per cent, at 281®, and 60 per cent at 3<^“. 
Corresponding with the small variation in the degree of ioniza- 
tion with temperature, the heat of ionization is small, and may 
be positive (as in the present case) or negative. 

Theory ol Indicators — The indicators used in acidimetry and 
alkalimetry have the property of giving different colours de- 
pending on whether the solution is acid or alkaline. According 
to Ostwald’s theory, which has met with fairly general accept- 
ance, such indicators, including methyhorange, phenolphtbalein 
and />-mtropheaol, are weak electrolytes, and their use depends 
on the fact that the tons and the oon-iosized compounds have 
different coloun. Since salts are almost always highly ionized, 
it is clear that only weak acids and bases can be employed as 
indicators. 

Phenolphthalein is a very weak aad, the non-ionized acid is 
colourless, and the negative ton red In aqueous solution it is 
ionized according to the equation 

HP H- -{- P' (red) 

(where P' is the negative ion), but so slightly that the solution is 
practically colourless. If now sodium hydroidde is added, the 
highly-dissociated sodium salt is formed, and the solution is 
deeply coloured owing to the presence of the red anion, P'. 
If, on the other hand, the solution contains a slight excess of 
acid, the increased H- ion concentration drives back the ioni- 
zation of the phenolphthalein in the direction indicated by the 
lower arrow, and the solution becomes colourless [ef. p. 281). 
Finally, if a weak base, such as ammonium hydroxide, is added, 
the ammonium salt will be partly hydrolysed, according to the 
equation 

NH4P + HOH it mHfiH -f- HP, 

^ Ztiuch PJiynhtl. CJktm , 1904, 46 , 323. 
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and excess of the base will be required in order to drive back 
the hydrolysis (p. 294) ; in other words, there will not be a sharp 
change of colour when ammonium hydroxide is added. 

Methyl-orange has both acidic and basic properties. It was 
formerly regarded as an acid indicator, but it is now assumed 
to function as a very weak base. The undissociated substance 
is yellow and the cation is red. In aqueous solution it is 
ionized to some extent according to the equation 

MOH (yellow) ^ M- (red) -f OH' 

so that the solution shows a mixed colour. On addition of 
alkali the equilibrium is displaced towards the left, the yellow 
undissociated substance being formed. As methyl-orange is 
a very weak base, this change is brought about by a small 
concentration of OH' ions and therefore methyl orange is a 
suitable indicator for weak bases. When, on the other hand, 
an acid is added, the H* ions combine with the OH' ions of the 
base to form water, the equilibrium is displaced towards the 
right, and, the resulting salt being largely ionized, the red 
colour of the cation appears. Owing to hydrolysis a consider- 
able concentration of H- ions is required to bring about this 
change (compare phenolphthalein) and therefore methyl-orange 
is not a suitable indicator for weak acids. 

The considerations to be borne in mind in selecting an in- 
dicator, or in choosing a suitable alkali for titrating an acid, 
or vice versd, may be put concisely as follows (Abegg) : — 


Solutions used. 



Acid. 

Base. 

Indicator. 

Examples. 

Strong 

Strong 

Any 

Any, 

Strong 

Weak 

Weak base or 
strong add 

M ethyl-orange, ^-nitrophenol. 

Weak 

Strong 

Weak acid 

Phenolphthalein, litmus. 

Weak 

Weak 

None satisfactory 

Should be avoided. 


Some investigators maintain that the ionization theory does 
not give a satisfactory representation of the behaviour of indi- 
cators, but that the changes of colour are due to changes of 
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constitution, usually from the benzenoid to the quinonoid type 
and vice versS.^ In an aqueous solution of phenolphthalein, for 
instance, there are only traces of the quinonoid (coloured) modifi- 
cation, and the solution is colourless, but on the addition of 
alkali the phenolphthalein salt is formed, the negative ions of 
which, being of the quinonoid type, are strongly coloured. 

The Solnhility Frodact — We have now to consider an equi- 
librium of rather a different type — in which the solution is 
saturated with regard to the electrolyte. In such a case there is 
equilibrium between the sohd salt and the non-tonized salt in 
the solution, so that the concentration of the non-ionized salt 
remains constant at constant temperature. Further, there is 
equilibrium in the solution between the non-ionized salt and 
its ions, which may be represented, in the case of silver chloride, 
for example, by the equation Ag- -f- Cl' ^ AgCl. Applying the 
law of mass action, we have, for the latter equilibrium, 

[Ag-]fCI']=K(AgCJJ«S, 

where S U the product of the concentrations of the two ions 
»the so-called selubihly product — and is constant, since the 
right-hand side of the above equation is constant. The equi- 
libria in the heterogeneous system may be represented as 
follows ; — 

Ag- -f Cl' 52 AgCl (in solution) 

M 

AgCl (solid). 

As will be shown later, the solubility product for silver chloride 
at 25“ is 1*56 X 10“ ”, when the ionic concentrations are ex- 
pressed in mols per litre. If the solution has been prepared 
by dissolving the salt m water, the ions are necessarily present 
in equivalent proportions, so that a solution of silver chlonde, 
saturated at 25®, contains X lo“^“ = 1-25 X I0“* mols 

of Ag- and of CJ' ions 

The ions need not, however, be present in equivalent propor- 
tions ; if by any means the solubility product is exceeded, for 
example, by adding a salt with an ion in common with the 
• electrolyte, the ions unite to form undissociated salt, which falb 
* C/. MewUt, AMofytt^ 1908. S 3 , 8$. 
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out of solution, and this goes on till the normal value of the 
solubility product is reached. Perhaps the best-known illustra- 
tion of this is the precipitation of sodium chloride from its 
saturated solution by passing in gaseous hydrogen chloride. 
In this case the original equilibrium between equivalent amounts 
of Na' and Cl' ions is disturbed by the addition- of a large 
excess of Cl' ions, and sodium chloride is precipitated till the 
original solubility product is regained, when the solution con- 
tains an excess of Cl' ions and relatively few Na* ions. 

As already mentioned, the difference between the present 
form of equilibrium and those previously considered is that the 
concentration of the non-ionized salt in the solution is constant 
at constant temperature. If it is diminished in any way, salt 
is dissolved till the original value is reached ; if it is exceeded, 
as in the case just mentioned, salt falls out of solution till the 
original value is reached. 

Since the equilibrium equation for a binary salt is symmetrical 
with regard to the two ions, it follows that the solubility of such a 
salt should be depressed to the same extent by the addition of 
equivalent amounts of its common ions, whether positive or 
negative. This consequence of the theory was tested by Noyes, 
who determined the influence of the addition of equivalent 
amounts of hydrochloric acid and of thallous nitrate on the 
solubility of thallous chloride, with the following results 

Solubility of thallus chloride at 25° : — 


Concentration of 
Sutetance added 
(mols per litre). 

TlNOj added. 

HCl added. 

0 

OO161 

0-0l6l 

00283 

0-0084 

0-0083 

0-147 

0-0032 

0-0033 


The figures in the first column show the amounts of thallous 
nitrate and of hydrochloric acid added, those in the second and 
third columns represent the solubility of thallous chloride in 
mols per litre. The results show that the requirements of 
the theory are satisfactorily fulfilled. 
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The above results hold independently of the relative amounts 
of ions and non-ionized salt m the solution. Since in dilute 
solution all salts are highly ionized, it may, however, be as- 
sumed that difficultly soluble salts, such as silver chloride are 
almost completely ionized in solution ; in other words, the con- 
centration of non-ionized salt in solution may be regarded as 
negligible in comparison with that of the ions. This deduction 
is of great importance in estimating the solubility of difficultly 
soluble salts (see next page). 

Applications to An^ytic^ Chemistry — The above considera- 
tions with regard to the solubility product are of the greatest 
importance for analytical chemistry. A precipitate can only 
be formed when the product of the tonic concentrations attains 
the value of the solubility product, which for every salt has a 
dehnite value depending only on the temperature. For ex- 
ample, magnesium hydroxide is precipitated from solutions of 
magnesium salts by ammonia because the solubility product 
[Mg'*I[OH'J* is exceeded. When, however, ammonium chlonde 
is previously added m excess to the hydroxide, the OH' ion 
concentration is diminished to such an extent [p. 282) that the 
solubility product is not reached, and precipitation no longer 
occurs. Similarly, zinc sulphide is precipitated when the pro- 
duct [Zn**](S"] exceeds a certain value. In alkaline solution, 
an extremely small concentration of hydrogen sulphide suffices 
for this purpose, as the sulphide is considerably ionized, but 
in acid solution the depression of the ionization of the hydrogen 
sulphide, in other words, the diminution in the concentration 
of S" ions, is so great that the solubility product is not reached. 
On the other hand, the solubility product for certain heavy 
metals, such as lead, copper, and bismuth, is so small that it 
is reached even in acid solution. It is, however, possible to 
increase the acid concentration (and therefore to diminish the 
S" ion concentration) to such an extent that the ionic product 
is not reached even for some of the above metals, for example, 
lead sulphide in concentrated hydrochloric acid is not pre- 
cipitated by a current of hydri^en sulphide. 

On the same basis, a fact which has long been familiar in 
quantitative analysis, that precipimrion is more complete when 
excess of the precipitant is added, can readily be accounted for. 
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A saturated aqueous solution of silver chloride contains about 
i'25 X 10“ gram equivalents of the salt per litre, and the ad- 
dition of ten times that concentration of Cl' ions (added in the 
form of sodium chloride) will diminish the amount of silver in 
solution to about i/io of its original value (on the assumption 
that the concentration of the non-ionized salt is negligible in 
comparison with that of the ions) (c/. p. 282). It is thus evident 
that in the gravimetric estimation of combined chlorine as silver 
chloride there might be, considerable error owing to the solubility 
of silver chloride in water, but if a fair excess of the precipitant 
is used, the error is quite negligible. 

The concentration in saturated solution at 25®, and the 
solubility product of a few diflncultly soluble salts are given in 
the accompanying table ; — 


Saturation Concentration 
■ (mols per litre). 

Silver chloride Ag- = 1-25 x 10“® 

„ bromide „ =6-6 X I0“’ 

. „ iodide „ = l-o X 10“ ® 
Thallous chloride Th — i-6 x io“* 
Cuprous chloride Cu' = l*i xiO“® 
Lead sulphide Pb- = 5’l X 10“" 
Copper sulphide Cu” = l-i X 10“ 


Solubility Product 
(mols per litre). 

1- 56 X 10“’° 

4-35 X 10 “’° 
I‘0 X 10“’® 

2 - 6 X I 0 “‘ 
I'2 X I0“® 
2-6 X 10“’® 
1*2 X I 0 “^° 


Experimental Determination of the Solubility of Difficultly 
Soluble Salts — ^When a saturated solution of a relatively in- 
soluble salt is so dilute that complete ionization may be assumed 
{fhi—fico), the solubility of the salt may readily be obtained 
from electrical conductivity measurements. The molecular 
conductivity at infinite dilution, can be obtained indirectly 
(p. 264), the specific conductivity of the saturated solution is 
determined in the usual way, and, by substitution in the 
formula — kv, we obtain the value of v, that is, the volume 

in C.C., in which a mol of the substance is dissolved. If the' 
solubility is required in mols per litre, then 

V — 1000 Y, and 
Moo = 1000 

where V is the volume in litres in which a mol of the sub- 
stance is dissolved. As the specjfic conductivity of such a 
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solution is small, the conductivity of the water becomes of 
importance, and it is necessary to subtract from the observed 
specific conductivity of the solution the conductivity of the 
water, determined directly. For such measurements, " con- 
ductivity ” water, of a specific resistance not much less than 
10* ohms, should be used. 

As an example of the determination of solubilities by this 
method, Bottger found that asolution of silver chloride saturated 
at 20* had k = 1*33 X 10“* after subtracting the specific con- 
ductivity of the water Hence, as for silver chloride at 20®, 
determined indirectly (p. 264), is 125-5, we obtain, by substitu- 
tion in the above formula, 

125 5 »= 1000 X 1*33 X io"»V, 

«"<) V= 

that is, 94,400 litres of a solution of silver chloride, saturated 
at 20", contain i mol of the salt. In one litre of solution there 
is, therefore, 1/94,400 I *06 x io~‘ mol, or 000152 gram 
of silver chloride The values for the solubility of a number of 
difficultly soluble salts obtained by this method are given in 
the previous section (p 30d) 

Complex Ions — Complex ions have already been defined as 
being formed by association of ions with non-ionized molecules 
It is well known that though silver ha’ogen salts are only 
slightly soluble n water they arc readily solub’e in the presence 
of ammonia. This phenomenon is due to the formation of 
complex ions {p- 2S7), m which the Ag* ions are associated 
with ammonia molecules, forming univalent ions of the type 
AgCNHj) I As nearly all the silver is present in this form 
and very little in the form of Ag tons, it is evident that a 
solution may contain a very considerable amount of a stiver salt 
before the solubility product [Ag-J£X'J is reached. 

The composition of complex 10ns can be determined by a 
number of methods, including electncal migration measure- 
ments, dtstribution measurements, and solubility determina- 
tions. Thus the fact that the silver moves towards the anode 
when an electric current is passed through a solution of potas- 
sium silver cyanide shows that the metal in question Is a 



308 OUTLINES OF PHYSICAL CHEMISTRY 


constituent of a complex anion, and from the alteration in the 
composition of the anode solution caused by the passage of a 
known quantity of electricity it can be shown that The anion 
has the formula Ag(CN)2'. In certain cases {e.g., solutions of 
cupric chloride and of cadmium iodide) the metal migrates, for 
the most part, to the cathode in dilute solution, and to the 
anode in concentrated solution. This observation is readily 
accounted for if complex ions are formed which undergo partial 
dissociation on dilution, e.g. — Cdij-f 2l' Cdl/. 

Distribution measurements have been used to determine the 
composition of the azure blue solutions obtained by adding 
ammonia in excess to solutions of cupric salts. From a com- 
parison of the partition of ammonia between chloroform and 
water alone and between chloroform and water containing 
varying amounts of a cupric salt it was shown that each atom of 
copper bound four mo'ecules of ammonia, forming complex 
Cu(NH 3)4" ions. Similarly, from observations of the effect of 
potassium iodide (added to the aqueous layer) on the distribu- 
tion of iodine between water and carbon disulphide the con- 
clusion was formed that complex I3' ions (together with the 
complex salt KI 3 ) are present in the aqueous solution. 

Solubility measurements were made use of in determining 
the composition of ammoniacal solutions of silver salts. The 
amounts of silver chloride taken up by aqueous solutions of 


ammonia of various concentrations were determined, and, by 
application of the law of mass action, it was found that the 


expression 


[Ag-3 [NHa]^ 
Ag(NH3)-3 


was most nearly constant, and, there- 


fore, that the complex ion present in the solution in largest 
proportion is Ag(NH3)*2, corresponding with the complex salt 
Ag(NH3)2Cl. It is interesting to note that the only solid com- 
plex salt which has been separated from such solutions has the 


formula zAgCl, 3NH3. 

Influence o£ Substitution on Degree oi Ionization— Reference 


has already been made to the influence of substitution on the 


strength of ac ds. As the effect of substitution on the degree 
of ionization has been most extensively investigated for this 
class of compound, a few further examples may be given. In 
the accompanying table, the affinity or dissociation constants 
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for some mono-substituted acetic acids are given, the value of 
K holding for 25* (concentrations in mols per litre). 


Acetic acid CHjCOO-H 
Propionic acid CH,CH|COO-H . 
Chloroacetic acid CHjCICOO*H . 
Bromoacetic acid CHjBrCOO H . 
Cyanacetic acid CHjCNCOO-H . 
GlycoUic acid CH,OHCOO-H . 
Phenylacetic acid CjHjCHjCOO-H 
Amidoacetic acid CHjNHjCOO-H 


0-000018 

0-000013 

0-00IS5 

0-00138 

0-00370 

0000152 

0000056 

3-4 X io-*« 


As the carboxyl group only is concerned directly :n ionization, 
the above table affords an excellent illustration of the inffuence 
of a group on ^ neighbouring one. The table shows that when 
one of the alkyl hydrogens in acetic acid is displaced by Cl, 
Br, CN, or OH or CjHj an increase in the activity of the 
acid is brought about ; the effect is least for the phenol group 
and greatest for the cyanogen group. On the other hand, the 
methyl group (in propionic acid) diminishes the activity slightly, 
and the amido group diminishes it enormously. 

These observations can readily be accounted for* on the 
assumption that the atoms or groups take their ioo-forming 
character into combination Thus the Cl, Br, CN and OH 
groups, which tend to form negative ions, increase the tendency 
of the groups into which they enter to form negative ions. 
The “ negative favouring *' character of the phenyl group is 
slight but distinct. On the other hand, the so-called basic 
groups, such as NHj, lessen the tendency of the group into 
which they enter to form negative ions, as is very strikingly 
shown in the case of amidoacetic acid. The methyl group has 
also a slight diminishing effect on the tendency of a group to 
form negative ions 

The magnitude of the influence of a substituent on a particu- 
lar group depends on its distance from that group. This is 
very well shown by the influence of the hydroxyl group on the 
afSnity constant of propionic aad. 

* A complete theory of tbe phenomeoa in question lias been worked cut 
hj Fliiricheim CAim. See, 1909. 718 ; Aw., 1909, 193). 
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Propionic acid CH3CH2COO’H . . . 0 ' 0000 I 34 

Lactic acid CHjCHOHCOO'H . . . 0'000I38 

jS-oxypropionic acid CH20HCH2C00T'I . 0’00003n 

When the OH group is in the a (neighbouring) position its 
effect on the dissociation constant is more than four times as 
great as when it is in the /S position. 

It seems plausible to suppose that a comparison of the in- 
fluence of groups in the ortho, inela, and para positions on the 
carboxyl group of benzoic acid might throw some light on the 
question of the relative distances between the groups in the 
benzene nucleus. The dissociation constants of benzoic acid 
and the three chlor-substituted acids arc as follows : — • 

, 0'CX)006o 

. 0-00132 
. 0-000155 
. 0-000093 

It will be observed that the presence of the halogen in the ortho 
position greatly increases the strength of the acid, and it is a 
general rule that the influence of substituents is always greatest 
in this position. The effect of substituting groups in the meta 
and para positions is much smaller, and the order of the two 
is not always the same. As the table shows, 7?t-chlorobenzoic 
acid is rather stronger than the para acid, but on the other hand 
p-nitrobenzoic acid is somewhat stronger than the vieia acid. 

Similar considerations apply to the influence of substituents 
on the strength of bases, but, as is to be expected, the effect of 
the various groups is exerted in the opposite direction to that on 
acids. Thus the displacement of a hydrogen atom in ammonium 
hydroxide by the methyl group gives a stronger base (methyl 
amine) but the entrance of a phenyl group gives a much weaker 
base (aniline) [cf. p. 281). 

Reactivity of the Iona — It is a well-known fact in qualitative 
analysis that in the great majority of cases the positive com- 
ponent of a salt (e.g., the metal) answers certain tests, quite 
independently of the nature of tlie acid with which it is combined, 
and in the same way acids have certain characteristic reactions, 
independent of the nature of the base present. These facts arc 


Benzoic acid CoHjCOOH . 

0- Chlorobenzoic acid QH^CICOOH 

II II II 

P’ II 11 i> 
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plausibly accounted for on the electrolytic dissociation theory 
by assuming that the positive and negative parts of the salts 
{the ions) exist to a great ^tent independently in solution, and 
that the well-known testa for acids and bases are really tests for 
the free ions Thus silver nitrate is not a general test for 
chlorine in combination, but only for chlorine ions. It is well 
known that potassium chlorate pves no precipitate with silver 
nitrate, although it contains chlorine ; this is readily accounted 
for On the electrolytic dissociation theory because the solution 
of the salt contains no Cl' ions, but only ClOj' ions, which give 
their own characteristic reactions. These view's appear still 
more plausible when cases are considered in which the usual 
tests fail, for example, mercuric cyanide does not give all the 
ordinary reactions for mercury. This could be accounted for 
by supposing that the compound is not appreciably ionized m 
solution, so that practically no Hg*’ tons are present, and as 3 
matter of fact the aqueous solution of mercuric cyanide is 
practically a non-conductor 

The chief characteristic of ionic reactionsis their great rapidity; 
they are for all practical purposes instantaneous, and it is doubt- 
ful If the speed of a purely ionic reaction has so far been 
measured. It is well known that silver nitrate reacts with the 
-chlorine in organic compounds such as ethyl chloride and chlor- 
acetic acid, but very slowly as compared with its action on 
sodium chloride There is good reason for supposing that the 
reactions last mentioned are not ionic actions, but that the 
changes take place between the silver salt and combined chlorine. 

The great reactivity of the ions in cases where it is known 
that they are actually present has led Euler and others to 
postulate that all reactions arc ionic, and that in very slow 
reactions we are dealing with excessively small ionic concen- 
trations.^ This question cannot be adequately considered here, 
but it may be mentioned that the available experimental evi- 
dence does not seem to lend any support to Euler’s theory. 
There is good reason to suppose that chemical reactions may 
take place between non-ioaizcd molecules as well as between 
ions. 

* Compare Anheotus, Ehttreeketnittry (Errglish Edition), p. l8o. 
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Amphoteric Electrolytes — It is a familiar fact that the 
hydroxides of certain polyvalent metals show both basic and 
acidic properties, since they form salts both with acids and 
bases, e.g., lead hydroxide, Pb{OH)2; aluminium hydroxide 
Al(OH)g. In terms of the ionization theory, these compounds 
must give both hydrogen and hydroxyl ions on dissociation. 
Substances of this type, which can ionize in more than one 
way, are termed amphoteric electrolytes. 

Lead hydroxide, Pb(OH)2, can dissociate according to the 
following equations : — 

(i.a)Pb(OH)2 ^ Pb(OH)- + OH' ; (i.b)Pb(OH)- ^ Pb- + OH' 
(2.a)Pb(OH)2 ^ PbO(OH)'+H- ; (2.b)Pb0(0H)'2Pb02" + H' 

and doubtless all these compounds are present in greater or 
less concentration in an aqueous solution of lead hydroxide. 
It will of course be understood that the concentrations of H* 
and of OH' ions cannot both be considerable in the same solu- 
tion since the equilibrium [H'] [OH'] = K„ always holds (p. 289). 

When an acid is added to the hydroxide, the OH' ions com- 
bine with the H’ ions of the acid to form water, more hydroxide 
dissociates according to equations la and ib, the fresh OH' 
ions combine with the H' ions to form water, and so on, till 
ultimately, if sufficient acid is added, the solution contains 
chiefly Pb" ions and anions derived from the acid. If, on the 
other hand, alkali is added to the hydroxide, the OH' ions 
combine with the H* ions derived from the hydroxide and dis- 
sociation proceeds progressively according to the upper arrows 
in equations 2a and 2b till ultimately the solution contains chiefly 
PbOj" ions and cations derived from the alkali added. The proof 
of the above statements is that on electrolysis the lead in acid 
solution travels to the cathode, in alkaline solution to the 
anode. 

Some more complicated compounds can split off both H‘ and 
OH' from a single molecule, leaving an uncharged ion or rather 
an ion which is both positively and negatively charged. For 
glycine (amidoacetic acid) we have the following equilibrium : — 

OH-HgNCHjCOOH H3NCH2C06 + H’ -f OH'. 
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Ions of this typo are termed tmiier torts or hermapkrodile 
ions. Since they arc electrically neutral, they are not affected 
by an electric current. 

Practical Dlostrations — Dilution Law. Conductivity of Acids 
and Salts — Many of the results discussed in this chapter can 
be conveniently illustrated by means of the apparatus * shown 
in Fig. 39. The glass vessel each contains two circular elec- 
trodes of platinized platinum, the lower one is connected with 



a wire which passes through the bottom of the vessel and is 
connected through a lamp to the wire E The upper electrode, 
which is movable, is connected to a wire which passes through 
the cork loosely closing the vessel, and is connected to the upper 
wire F. The electrodes in each vessel should be of approxi- 
mately the same cross-section, and the four lamps of equal 
resistance. The wires E and F are connected to the terminals 
of a source of alternating current, and as they are at constant 

’ Not** and Blanchsrd.y. Amtr. CAtn. Ste,, 1900, 22 > 7 *® 
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polcnlial throughout, the fall of potential through each of the 
vessels from E to F must be the same when a current is passing. 

The use of the arrangement may be illustrated by employing 
it to prove the dilution law in the form a ~^kv. Solutions of 
monochloracctic acid containing i mol of the salt in I, 4 , and 
1 6 litres respectively are prepared, and the vessels A, B, and C 
nearly filled with them. Wiicn connection is made with the 
alternating current, it will be found that the brightness of the 
lamps is very different, but the positions of the upper electrodes 
can be so adjusted that the lamps are equally bright. Under 
these circumstances it is evident that the resistance of each 
solution is the same. On measuring the distances between the 
electrodes, it will be found that for the solutions n = l, w = 4, 
y=i6, the distances arc in the ratio 4:2:1, Hence, as 
the conductivities arc inversely proportional to the distances 
between the electrodes, ay^/^v. 

Further, it may be shown that, althougii acids dilTcr very 
greatly in conductivity, neutral salts, even of weak acids, have 
a conductivity nearly as great as that of strong acids. The 
vessels arc filled with 1/4 normal solutions of hydrochloric acid, 
sulphuric acid, monochloracctic acid and acetic acid respectively, 
and when the distances arc altered till the lamps are equally 
bright, it will be found that the electrodes arc very near in the 
acetic acid solution, far apart in the hydrochloric acid solution, 
and at intermediate distances for the other two acids. SufTicicnt 
sodium hydroxide to neutralize the acid is now added to each 
vessel, and after stirring and again adjusting to equal brightness 
of the lamps, it will be found that the distances for all four 
solutions arc approximately equal. 

EquiUbrium Relations as shown by Indicators — ^Thc equi- 
librium relations in the ease of weak acids and bases may 
be shown very well by means of indicators. Each of two 
beakers contains too c.c. of water, i c.c. of «/l sodium hydroxide, 
and a few drops of methyl-orange. To the contents of one 
beaker n hydrochloric acid is added drop by drop by means 
of a pipette, and to the other n acetic acid is added in the 
same way till both solutions just become red. It will be 
observed that whereas about i c.c. of hydrochloric acid brings 
about the change of colour (owing to its relatively high con- 



EQUILIBRIUM IN ELECTROLYTES 


315 


cefltration m H* ions), several cc. of acetic acid are required 
to produce the same effect, owing to the much smalfer H* ion 
concentration of the latter solution. If now a concentrated 
solution of sodium acetate is added to the last solution, the 
yellow colour of the methyl-orange will be restored ; the 
acetate reduces the strength of the acid to such an extent 
(p. 282) that the H* ion concentration is no longer sufficient 
to drive back the hydrolysis of the methyl-orange salt. 

The effect of hydrolysis may also be illustrated with indicators 
as follows : Each of two beakers contains 50 c c. of 1^2 n hydro- 
chloric acid and a few drops of methyl-orange and phenol- 
phthalein respectively If n ammonium hydroxide is slowly 
added to the solution containing methyl-orsnge, the coloui 
will change when about 25 cc. of ammonia has been added, 
but a much greater quantity of the same solution will be re- 
quired to redden the phenolphthalein solution The explanation 
of this behaviour has already been given Owing to the fact 
that the ammonium salt of phenolphthalein is considerably 
hydrolysed, it is necessary to add a fair excess of the base 
before the coloured phenolphthalein ions are produced in 
considerable amount. 

The Solubility Rrodac/— The conception of the solubility 
product may be illustrated by the method employed by Nernst 
in proving the formula experimentally A saturated solution 
of silver acetate is prepared by shaking the finely-powdered 
salt with water for some time To a few c c of the solution 
in a test-tube a few c.c. of a fairfy concentrated solution of 
silver nitrate are added, and to another portion of the acetate 
solution a solution of sodium acetate equivalent in strength 
to the silver nitrate solution, and the mixtures are well shaken. 
In each tube a precipitate of silver acetate will be formed. 

Complex Ions — The evidence in favour of the view that I'n 
solutions of silver salts in potassium cyanide the silver is mainly 
present as a constituent of a complex anion, Ag(CN)',. is that 
the silver migrates towards the anode during electrolysis. Tie 
copper in Fehhng’s solution is also mainiy present as a c=- 
pofient of a complex anion, as may readily be shows c=s-^- 
tively by a simple experiment described by Kfister. 
is about half-filled with a dilute solution of'Copr ' 
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iind Ihc two limbs nrc then nearly filled up with a dilute solu- 
tion ot sodium sulphate in such a way that the boundaries 
remain sharp. A second U-tubc is filled in an exactly similar 
way with Fchlinf'’s solution in the lower part and an alkaline 
solution of sodium tartrate in the upper part, the arrange- 
ment being such that the Echling's solution in the one tube 
stands at the same level as the copper sulphate solution in 
the other tube. The U-tubes arc llicn connected by a bent 
glass tube, filled with sodium sulphate solution, and with the 
ends di|)ping in the sidphate and l.arir.ate solutions respectively. 
A small current is then sent through the U-tubes in series, by 
means of poles dipping in the outer limbs of the tubes, and 
after a time it will be observed that the copper sulphate boundary 
has moved with the positive current, whilst the coloured bound- 
ary in the other tube has moved against the positive current 
towards the anode. It is therefore evident that in the latter 
c.ase the copper is present in the anion, as stated above. 

CItmicnl Acliviiy and loninadou — The great diiTerence in 
chemical and electrical activity produced by ionization is well 
shown by comparing the properties of solutions of hydrochloric 
acid gas in water and in an organic solvent such as toluene. 
Whilst the former solution conducts the electric current and 
dissolves calcium carbonate r.apidly, the latter solution is a non- 
conductor, and has little or no cITcct on calcium carbonate. 

The .s:ime fact is illustrated by Ihc intcnaction of silver nitrate 
with potassium bromide, ethyl bromide and phenyl bromide 
respectively in alcoholic solution. Approximately 5 per cent, 
solutions of the bromides in ethyl alcohol are prepared, and 
to c.ach solution is added a few c.c. of a saturated solution of 
silver nitrate in alcohol. With the pot.assium bromide there is 
an imnrcdiato precipitate, the action being ionic. With ethyl 
bromide the reaction is very slow, .and there is no apparent 
reaction with phenyl bromide. The reaction between silver 
nitrate and ethyl bronride is a good example of a chemical 
change which is not ionic, .as f.ar .as one of the rc.acting sub- 
stances (the ethyl bromide) is concerned. 

Non-ionic chemical changes may, however, be very rapid. 
A solution of copper olcale in perfectly dry benzene rc.acts 
immediately with a solution of hydrochloric acid gas in dry 
benzene, with precipitation of cupric chloride (K.ahlcnberg). 



CHAPTER XII 

COLLOIDAL SOLUTIONS.* ADSORPTION 

Colloidal Solntiona. General — Up to the present we have 
dealt with substances which on the basis of their osmotic and 
electrical behaviour may be classed either as electrolytes or 
non-clectroIytes. In the present chapter we are concerned 
with a new type of substance which differs in many respects 
both from typical electrolytes and non-electrolytes. The first 
discoveries in this field we owe to Thomas Graham (x86i) who 
found that whilst certain substances diffuse rapidly m solution 
and readily pass through animal and vegetable membranes, 
other substances diffuse very slowly m solution and are unable 
to pass through membranes. To the first class of substances, 
which can readily be obtained in crystalline form, Graham gave 
the name crystalloids, whilst the members of the other class, 
which cannot as a rule be obtained in crystalline form, were 
termed colloids. Most inorganic acids, bases, and salts and 
many organic compounds, such as acetic acid, cane sugar, and 
urea are crystalloids; starch, gum, gelatine, caramel, and pro- 
teins in general belong to the group of colloids. The differ- 
ences in the rates of diffusion in aqueous solution of typical 
crystalloids and colloids are illustrated in the following numbers, 




CtTilalloids. 1 

1 Colloids. 

Substance . 

HCl 

NaQ 

Cane Sugar 

Albumen 

Caramel 

equal didusion 

I 

»3 

7 

49 

95 


* For fuller detaih of the tubiecta treated of in this chapter tee FbSiPt 
PAytuat CAemistry • lit Btanng on Biology and Medinm (AraoU, 
Freundlich, KopillartAtmU (Leipzig, 1922); Wolfgang OitwaJd, 
thimti (Dresden, 1911). 
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valid for 10®, which represent the relative times required for the 
same amount of diEusion of diEcrenl substances. 

As under equivalent conditions the rate of diffusion is pro- 
portional to the osmotic pressure of the solute, it follows that the 
osmotic pressure of dissolved colloids is very small and therefore 
that their molecular weights arc very high. Tliis view as to the 
high molecular weight of colloids was held by Graham, who 
suggested that the differences in behaviour of the two classes 
of substances might be connected with the much greater size 
of colloidal particles as compared, with dissolved particles of 
crystalloids. It may be said at once that later investigation has 
fully confirmed the view as to the high molecular weight of 
colloids in solution. 

As was to be anticipated, the later developments of the 
subject have led to modifications of Graham’s views in some 
essential respects. In the first place it has been shown that 
colloids arc not a special class of substances ; the colloidal 
state is a condition into which practically all chemical substances 
can be braueJU by suitable methods. For example, metals such 
as silver and platinum, and even salts such as silver cliloridc 
and sodium chloride, all of which are ordinarily met with in 
crystalline form, can be obtained in colloidal solution. There 
arc, however, great differences in the readiness with which 
different substances can be brought into the colloidal state, 
and some substances, such as starch and gelatine, are only met 
with in solution in the colloidal form. 

A further point, which has been established within the last 
few years, is that colloidal solutions arc not solutions in the 
ordinary sense of the term. A true solution has been defined 
ns a homoncncous mixture, and therefore consists of a single 
phase. A colloidal solution, on the other hand, such as col- 
loidal platinum, can be shown to be heterogeneous ; that is, it 
consists of two phases at lc.ast. As we shall see later, however, 
all intermediate stages exist between colloidal solutions and 
.rue solutions on the one hand, and between colloidal solutions 
uui ordinary suspensions on the other. Within the last few 
rears it has become usual to speak of the phase present in 
eparate particles as the disperse phase and the liquid in which 
t is distributed as the dispersion medium. 
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The preparation of some typical colloidal solutions, and 
the properties characteristic of the colloidal state, will now be 
considered. 

Preparation o! Colloidal Solutions— A suitable colloidal solu- 
tion for demonstration purposes is that of arsenious sulphide. 
It is prepared by passing hydrogen sulphide through a cold 
aqueous solution of arsenious oxide, free from electrolytes, 
sufficiently long to ensure conversion to arsenious sulphide. 
Eixcess of hydrogen sulphide is then removed as far as possible 
by a stream of hydrogen. The resulting solution, after filtra- 
tion, is yellowish in colour and clear by transmitted light, but 
appears turbid by reflected light. The degree of dispersion of 
the sulphide (that is, the size of the particles) varies greatly 
with the mode of preparing the solution 

Silicic acid is obtained in colloidal solution by slowly adding 
a solution of sodium silicate to excess of hydrochloric acid and 
then removing the sodium chloride and free hydrochloric acid 
by dialysis The simplest form of dialyser is a tube of parch- 
ment paper into which the mixture is poured. The tube is 
then suspended by its ends in water which is continually re- 
newed, and in course of time the crystalloids are completely 
removed by diffusion through the membrane, leaving a pure 
colloidal solution of silicic acid 

Ferric hydroxide is obtained in colloidal solution (so called 
*' dialysed iron ") by dissolving the freshly precipitated hy- 
‘droxide. in a dilute solution of feme chloride, and removing 
the ferric chloride by dialysis. Other colloidal hydroxides may 
be obtained by an analogous method. 

The preparation of colloidal platinum according to Bredig 
has already been described (p. 239). Other colloidal metals 
(eg., gold, silver, palladium) have been prepared by the same 
method. Colloidal gold and other metals can also be pre- 
pared by reducing the corresponding salts in aqueous solution. 

Gelatine, gum, and certain other substances form colloidal 
systems on simple solution in water. 

Osmotic Pressure and Molecnlar Weight of Colloids — It has 
already been mentioned that, corresponding with their slow 
rate of diffusion, the osmotic pressure of colloidal solutions is 
very small. This is fully confirmed by recent investigations, 



320 


OUTLINES OF PHYSICAL CHEMISTRY 


but direct^ quantitative measurements by different observer: 
have not led to very concordant results. One of the principa 
sources of error has been the difficulty of freeing colloids com- 
pletely, from electrolytes, which even in very small concentra- 
tion have considerable osmotic pressure. This difficulty is to 
some extent overcome by using another colloid, such as parch- 
ment paper, as semi-permeable membrane ; one colloid, whilst 
usually permeable for crystalloids, is impermeable to other col- 
loids, Hence, as parchment paper and other membranes are 
permeable for dissolved salts, the latter cannot set up a lasling 
osmotic pressure, and a pressure which persists for a consider- 
able time may be regarded as due to the colloid only. 

As illustrating the nature of the results obtained, Lillie,^ 
using a collodion membrane, found that a solution of egg albu- 
men containing 12-5 grams per litre gave an osmotic pressure 
of 20 mm. of mercury at room temperature. According to 
Waymouth Reid the osmotic pressure of a 1 per cent, solution 
of hemoglobin is about 4 mm. of mercury, but much higher 
values, indicating a molecular weight of about 16,000, were ob- 
tained by Roaf (1910). 

Moore and Roaf * observed a pressure of about 70 mm. of 
mercury for a 10 per cent, solution of gelatine, which remained 
fairly steady for two months. 

The effect of electrolytes on the magnitude of the osmotic 
pressure depends on the nature of the colloid. Neutral salts 
in many cases lower the osmotic pressure of colloids, a result 
probably due to partial coagulation of the colloidal particles. 
Acids and bases often raise the osmotic pressure of colloids, 
probably in consequence of chemical combination. 

As the osmotic pressure of colloids is so small when measured 
by the direct method it will readily be understood that the 
freezing-points and boiling-points of colloidal solutions scarcely 
differ from those of pure water. This is evident when we 
consider that a solution of osmotic pressure 70 mms. (as ob- 
served in the experiments just described) would have a freezing- 
point less than below that of water. 

^ Amer. Journal of Physiology, 1907, 20 , 127. 

• Moore and Roaf, Biochem. Joum., 1906, 2 , 34. 
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Optical Properties o! Colloidal Solations— The majority of 
colloidal solutions appear homogeneous even under the highest 
power of the microscope, but their heterogeneous character 
is established by means of the so-called “ Tyndall phenomenon." 
When a ray of light enters a darkened room its path is recog- 
nized by the scattering of the light at the surface of dust particles. 
Similarly, the path of a beam passed through a colloidal solution 
can be detected by the scattering of the light at the surface 
of the ultramicroscopic particles, whereas no indication is 
afforded of the path of a beam passed through a solution which 
contains no particles exceeding a certain magnitude. Light 
which has passed through a colloidal solution is partially or 
completely polarized. 

The Tyndall phenomenon has recently been utilized in the 
construction of the uUramicroscope, by means of which our 
knowledge of colloidal solutions has been greatly extended. 
An intense beam of light (the arc light or, better, sunlight) is 
directed on a very thin layer of the colloid and the latter 
examined by a microscope at right angles to the direction of 
the beam, the entrance of light from other sources being pre- 
vented. When a homogeneous liquid is used the held remains 
quite dark, but when the liquid cootams discrete particles their 
presence is indicated by the appearance of colourless or (for 
smaller particles) characteristically coloured luminous moving 
points on a dark background. It must be emphasized that 
the ultramicroscope does not render the particles themselves 
visible, but only shows the light reflected from them, so that 
such observations afford no information as to the shape, colour, 
etc., of the particles. 

The average sire of the particles in a colloidal solution can 
be estimated indirectly by counting the number in a given 
volume and determining the total amount of substance by 
analysis. In this way it has been shown that the particles vary 
greatly in magnitude, depending on the nature and mode of 
preparation of the colloidal solution, from such as are visible in 
the ordinary microscope to those not resolvable even by the 
uUramicroscope. Particles visible in the ordinary microscope 
(diameter exceeding 250 nft, where fi — o-ooi mm. and fifi *= 
0 OOOOOI mm.) are termed by Zsigmondy microns, thosr''*~^cted 
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only by the ultramicroscope (diameter 6-250 pp) are termed 
snbmicrons, and those of diameter less than <3 /ip amicrons. 

For comparative purposes it may be mentioned that the wave- 
length of sodium light is 589 pp. It has been calculated ^ that 
the diameter of an ether molecule is about 0-6 X 10“ ? mm. 
= 0-6 pp, so that the smallest particle which can be detected 
by the ultramicroscope has a diameter only ten times greater 
than that of an average chemical molecule. 

Brownian Movement — When a colloidal solution containing 
microns {e.g., mercuric sulphide, suspension of gum mastic) 
is examined under the microscope, the particles are seen to be 
performing continuous irregular movements (R. Brown, 1827). 
“ They go and come, stop, start again, mount, descend, remowit 
again, without in the least tending towards immobility ” (Perrin). 
Observations with the ultramicroscope show that the move- 
ments are the more brisk the smaller the particles and the less 
the viscosity of the liquid, and they become more rapid with 
rise of temperature. The phenomenon persists for years ; it is 
not due to any external cause, such as alterations of temperature 
or of illumination, and it is now generally agreed that it is a 
consequence of “ the incessant movements of the molecules of 
the liquid which, striking unceasingly the observed particles, 
drive them about irregularly through the fluid, except in the 
case where these impacts exactly counterbalance one another ’’ 
(Perrin, he. cit.). It has been shown within the last few years, 
more particularly by Perrin, that the rates of movement of the 
particles are in entire accord with those deducted on the basis 
of the molecular-kinetic theory, which amounts to an experi- 
mental proof of the atomic constitution of matter and of the 
kinetic nature of heat [cf. p. 38). 

Electrical Properties of Colloids — When two plates are placed 
at some distance apart in a colloidal solution and connected 
with a source of E.M.F. it will be found as a rule that the 
particles move slowly towards the anode or cathode ; in other 
words, they behave as if they are electrically charged. The 
simplest method of making the experiment is to place the 
colloidal solution in the lower part of a U-tube, which is filled 

* Perrin, Les Atomes, 1921 (Eng. Trans., 1923), p. 50. 
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up on both sides with distilled water in which the electrodes 
are placed. The latter are then connected with the terminals 
of the lighting circuit (100-200 volts) and the speed of the 
moving boundary observed directly. The results show that 
particles of all kinds move at the rate of 10-40 X I0~® cm. 
per second for 3 potential gradient of i volt per cm. As we have 
seen, this is also the order of the migration velocity of the ions 
(p. 259) and we have therefore the remarkable fact that particles 
of all sizes — microns, submicrons, amicrons, ions — move with 
approximately the same speed in the electric field. 

In the case of the noble metals (gold, platinum, silver, etc.) and 
the sulphides (arsenic and antimony tnsulphides) the particles 
are negatively charged and move towards the anode, whilst 
hydroxides (ferric and aluminium hydroxides, etc.) and hamo* 
globin are positively charged. The charge on some colloids 
can, however, be altered in sign by certain additions to the 
medium. Thus Hardy has shown that when acid is added to 
egg albumen it migrates to the cathode, whilst in alkaline solu* 
tion it moves towards the anode. The condition in which the 
colloid is uncharged is known as the isoelectric point, which m the 
case of egg albumen occurs in approximately neutral solution. 

Precipitation of Colloids by Electrolytes — It is a remarkable 
fact that many colloidal solutions are readily coagulated by 
the add tion of electrolytes. When, for example, a few drops 
of barum chloride solution are added to a colloidal solution 
of arsenic sulphide the solution becomes turbid, and in a few 
minutes the sulphide has completely separated in flocks. The 
process can be followed under the ultramicroscope, and is seen 
to consist in a gradual aggr^tion of the particles (amicrons 
to submicrons, then to microns and finally to large flocks) the 
Brownian movement becoming slower and slower and finally 
ceasing. 

The efficiency of different electrolytes in the coagulation of 
arsenic sulphide depends mainly on the valency of the anion 
and is largely independent of its nature. The molar concen* 
trat/ons of AlCl„ BaCJg, and KCI required to produce same 
degree of coagulation under conditions otherwise .equivalent 
are as follows : I : ;'4 : 532 (Freundlich). With solutions of 
ferric hydroxide, on the other hand, the coagulating dowp--^( 
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electrolytes is practically independent of the valency of lli 
cation, and is determined chiefly by the valency of the anion 
Thus the molar concentrations of KoSO^ and KCI which pro 
duced the same effect arc in the ratio I : 45. 

When it is remembered that the particles of arscnioiis sul 
phidc are negatively charged and those of ferric hydroxidi 
positively charged the bearing of these results .at once become; 
evident. The ion which brings aboiU the coagulation of t 
colloidal solution is the one carrying a charge of opposite sign to 
that on the colloidal particles (Hardy). Further investigation 
has shown that this rule can be extended to the reciprocal 
action of colloidal particles, inasmuch as two colloidal solu- 
tions containing particles of contr.ary sign coagulate on mixing 
(e.g., colloidal platinum and ferric hydroxide) whilst colloids of 
the same sign arc practically without influence on each other. 

As regards the nature of the coagulation, it has been shown 
that in certain cases at least the electrolyte is partially decom- 
posed, the precipitating ion being carried down along with the 
precipitate and the inactive ion left in solution in combination 
with another ion. In order to understand this phenomenon it 
is necessary to consider rather more fully the question of the 
stability of a colloidal solution. It has been shown by Hardy, 
Burton, and others that certain colloids reach their point of 
maximum instability (that is, coagulate most readily) when the 
charge on the particles (as indicated by their behaviour under 
the influence of a potential gradient) reaches a minimum. 
Taking as illustration the coagulation of arsenious sulphide by 
potassium chloride solution we in.ay assume that some of the 
salt is taken up by the colloidal particles, the negative charges 
on the latter are neutralized by the K* ions, with the result that 
the particles become unstable, .aggregate and fall out of solution 
carrying the K- ions along with them (presumably as a salt). 
The Cb ions arc left in the solution along with an equivalent 
of H' ions derived from the hydrogen sulphide always associated 
with the colloidal sulphide. This is the so-called " adsorp- 
tion " theory of coagulation. Other theories of the pheno- 
menon, notably Billitcr’s *' condensation ’’ theory, have also 
been proposed, but cannot be dealt with herc.^ 

' Wo, Oslwnld, KoUoidchtmh, p. 499. 



COLLOIDAL SOLUTIONS. ADSORPTION 


3?5 


Saspensions, Saspcnsoids, and Emulsoids— All the pfopertie$ 
discussed in tKe previous sections {wjth the possible exception 
of the action of electrolytes on the stability) are characteristic 
of colloidal solutions in general, as well as of suspensions of 
particles easily visible under the microscope- As typical 
" suspensions " may be mentioned clay, finely divided charcoal 
or gum mastic stirred up with water. They consist of a prac- 
tically insoluble solid phase, distributed in a liquid, usually 
water. The particles settle to the bottom of the vessel more 
or less rapidly, depending on their magnitude, but the system 
*' clears " much more rapidly when electrolytes are added [ef. 
previous section). From the suspensions we pass through a 
series of intermediate stages to the suspensoids or suspension 
colloids, the heterogeneous character of which is only recognized 
by Tyndall's phenomenon or by the ultramicroscope. Like 
the suspensions, they consist of a solid phase distnbuted in a 
liquid, generally water. " Colloidal solutions ” are divided into 
two fairly well-defined classes, the suspension colloids or sus- 
pensotds just mentioned and the emulsion colloids or emulsoids. 
The suspensoids are scarcely more viscous than water, do not 
gelatinize and are readily precipitated by electrolytes. The 
emulsoids are viscous, become gelatinous under certain condi- 
tions, and are not readily precipitated by electrolytes The 
colloidal metals, sulphides, and hydroxides are suspensoids ; 
silicic acid, gelatine, gum, mucilage of starch, and proteins in 
.general are emulsoids. Emulsoids, like suspensoids, are two- 
phase systems, but consist of two liquid phases, one a honey- 
comb-hke structure, nch in colloid, in the meshes of which 
the other phase, composed of a dilute solution of the colloid, 
is distributed. Thus an aqueous solution of gelatine is made 
up of two phases, one rich m water and containing a little 
gelatine in true solution, the other nch in gelatine, but con- 
taining a ittle water (Hardy). 

It is a familiar fact that an emulsoid such as silicic acid can 
be obtained as a clear, apparently homogeneous solution (p. 
319) which on long standing, more rapidly on boiling or on 
treatment with electrolytes, changes to a semi-solid amorphous 
mass. The clear solution is termed a sol, the gelatinous mass 
a gel. The term sol s also applied to suspensoids When the 
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electrolyte is removed by washing and the gel is again treated 
with water certain emulsoids, such as the proteins, return to the 
sol modification (more readily on warming) and are therefore 
termed reversible colloids. Suspensoids in general and certain 
emulsoids, such as silicic acid, do not return to the soluble 
form under these conditions and are therefore known as irre- 
versible colloids. 

The coagulation of emulsoids by electrolytes seems to be 
entirely different to the action on suspensoids, but is by no 
means well understood. Whether the electrical character of 
the particles and of the electrolyte plays any part in the process 
is doubtful ; in fact silicic acid sol seems to be most stable 
in the electrically neutral condition. The addition of neutral 
salts in considerable concentration causes the separation of the 
solid phase, but the ratio of the activities of different electrolytes 
is quite different from that observed for suspension colloids 
and resembles the “ salting out " observed, for instance, in the 
effect on the solubility of gases in water (p. 96). 

Filtration of Colloidal Solutions — It has already been pointed 
out that systems of all degrees of dispersion are met with, 
from those containing large particles easily visible under the 
microscope to molecular dispersed systems, which we term 
true solutions. It is evident, however, that true solutions are 
only apparently homogeneous ; the solute particles are so minute 
as to escape our present methods of detecting heterogeneity. 
As already explained, the size of colloidal particles can be , 
roughly estimated by counting the number in a given volume 
of solution containing a known weight of the disperse phase. 
Another method which has recently come into use for this pur- 
pose is to use filters with pores of different sizes. Bechhold,^ 
who has done much work on this subject, uses filter-papers 
impregnated with gelatine solutions of different concentrations, 
and finds that a filter with 2 per cent, of gelatine retains all 
particles of diameter greater than 44/ift, one containing 4-4-5 
per cent, is required to retain the much smaller particles of 
serum-albumen, the average molecular weight of which is about 
10,000 (3,000-15,000). The permeability of such filters is of 
course influenced by the pressure under which filtration is carried 


* Zfitsch. Chrm. Ind, Kolloide, 1907, 2 , 3. 



COLLOIDAL SOLUTIONS. ADSORPTION 


327 


out. A very early form of the ** ultra-filter,” introduced by 
Martin, consists of an ordinary porcelain filter impregnated 
with gelatine. 

Adsorption. General — It is a familiar fact that when water 
containing a colouring matter such as caramel or litmus is 
shaken up with finely divided charcoal the latter on settling 
carries down the colouring matter with it, leaving the water 
practically colourless. Further investigation shows that other 
substances, including electrolytes and non-electrolytes as well 
as colloids, are largely taken up by charcoal from aqueous solu- 
tion, and that other finely divided substances have the same 
property. Charcoal has also the power of taking up gases, es- 
pecially those which are easily liquefied, such as ammonia and 
sulphur dioxide. 

The nature of this phenomenon will be more readily under- 
stood in the light of some quantitative observations, and for 
this purpose the results of a series of experiments carried out 
by Schmidt* on the taking up of acetic acid from aqueous 
solution by charcoal are quoted Animal charcoal (in quan- 
tities of $ grams) was shaken up with aqueous solutions of acetic 
acid (lOO c cs. In each case) of different concentrations and the 
amount of acid remaining m the water phase determined by 
titration. In the accompanying table A, represents the amount 
of acetic acid taken up by the charcoal and A„ the amount left 
in solution at equilibrium. 

Distribution of Acetic Acid detween Water and 
Charcoal 


A, . 

• 0-93 

MS 

i>248 

1-43 

I'62 

A„. 

. 0 0365 

0-084 

013 

0-206 

0-350 

cj/c„ 

205 

208 

]8o 

203 

197 


As the volume of the solution and the amount of charcoal 
are kept constant, the amounts given m the table are propor- 
tional to the respective concentrations, C* and C„, in the two 
phases. The figures show (i) that in very dilute solution lir 
acid is almost completely taken up by charcoal ; {2) that thr 

* Ztitttk.phynial.Cktm , 1910,74, C89 
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concentration in the charcoal increases much less rapidly than 
the concentration in the aqueous phase. That we are dealing 
with true equilibria is shown by the fact that the same results 
are obtained from either side (starting from concentrated or 
from dilute solutions of the acid). 

The question now arises as to how these observations arc to 
be interpreted. In the first instance we will consider whether 
the process is a physical or a chemical one, and if the former, 
whether it is mainly a surface condensation or whether solid 
solutions are formed. 

It appears highly improbable for several reasons that the 
phenomena are chemical in nature. In the first place the 
most various substances, including argon and the other in- 
active gases, which do not, as far as is known, enter into 
chemical combination, are taken up by charcoal. Further, a 
definite chemical compound is constant in composition and, if 
undissociated, its composition is independent of the concentra- 
tion in the other phase, whereas, as the table shows, the com- 
position of the carbon-acetic acid system varies continuously 
within wide limits. At first sight it would appear possible to 
explain the results as being due to the formation of a partially 
dissociated solid compound in equilibrium with its products of 
dissociation, but it can easily be shown that this assumption also 
is incompatible with the facts. Applying the law of mass action 
to such an equilibrium [m the liquid phase) we have [cf. p. 184) 

[Absorbent]'*! [Substance taken up]’’i/[Compound]''» = Const. 

where the square brackets represent concentrations, and Mj, n,, 
and M3 represent the number of molecules of the absorbent 
(charcoal), the substance taken up (acetic acid) and the compound 
respectively taking part in the equilibrium. Further, since the 
active masses of the charcoal and the compound are constant — 

[Substance taken up] = Constant (in liquid phase) 

that is, the concentration of the acetic acid in the solution 
must be constant as long as both solid phases are present. 
As a matter of fact, the concentration of acetic acid in the 
solution increases continuously with the total concentration 
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(compare table), so that no second solid phase (no chemical 
compound) can be present. 

The formation of a solid dissociating compound from a solid 
phase and a substance In solution has been investigated by 
Walker and Appleyard in the case of dlphenylamine and picric 
acid, which combine to form the slightly soluble brown com- 
pound dlphenylamine picrate' Until the concentration of the 
acid in the aqueous layer reached o-o6 mol per litre the solid 
dlphenylamine (which is practically insoluble in water) re- 
mained colourless, on further addition of picric acid the brown 
dlphenylamine picrate began to form, and finally practically all 
the dlphenylamine was converted into picrate, the concentration 
of the picric acid in the solution remaining all the time practi- 
cally constant at 006 mol per litre It is evident that the 
system exactly corresponds with the calcium carbonate — cal- 
cium oxide— carbon dioxide equilibrium already considered 
(p. 184), except that in the tatter case the substance of variable 
concentration (the carbon dioxide) is in a gaseous and not in 
a liquid phase. 

It remains to consider whether the phenomena in question, 
such as the taking up of acetic acid by charcoal, are due to 
surface condensation or whether solid solutions are formed 
It would seem possible to decide this question at once by ob- 
serving the rate of establishment of equilibrium, since surface 
condensation must be a very rapid process, and the formation 
of a solid solution, whereby (m the case under consideration) 
one substance has to diffuse into the intcnor of the other, 
must be very slow. As a matter of fact the establishment 
of equilibrium in many cases (but not in all cases, see below) 
is practically instantaneous, w’hich lends strong support to the 
surface condensation theory. The strongest evidence m favour 
of the latter theory, however, is based on a consideration of 
the ratio of the distribution of the substance between the 
two phases. It has been shown (p. 188) that when a sub- 
stance distributes itself betw'ecn two phases the ratio of the 
distribution is independent of the concentration provided the 
molecular weight of the solute is the same in both solvents, but 
if the molecular weight in the solvent A is * times that in the 


Wftlker and Appleyard, 1896, 69, 1334 
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solvent B then is constant, wliich may be written more 

conveniently U\«s ; Ci'*/C„ = Constant. Now the table on 
page 327 shows that for the distribution of acetic acid between 
water and charcoal the formula holds approximately 

Ci/C,f = Constant, 

where C„ and C,„ represent the concentrations in charcoal and 
in water respectively. Comparing this with the distribution 
formula OJ'fCj, = Constant, we find that 

1/2 = 4 or c = 1/4 ; 

that IS, if charcoal aud loatcr may he regarded as (wo solvcitls 
belu'ccn ichich the acetic acid is distributed then the molecular 
xceight of the acid in charcoal is 1/4 that in icatcr. Now it was 
shown by Raoult that acetic acid exists as single molecules 
in aqueous solution, so that its molecular weight in charcoal, 
deduced on the .assumption that it is present in solid solution, 
is an impossible one. Analogous results are obt.aincd with 
other solutes and other absorbing agents, and it follows at 
once that the " solid solution ’’ explanation of the phenomena 
under consideration is definitely disproved. There is evidence, 
however, that in some eases solid solution may play a subsidiary 
part in the phenomena. Thus Davis found that when iodine 
is sh.ikcn up with charcoal a very rapid action is followed 
by a slow action, the latter being presumably due to the slow 
diffusion of the iodine into the interior of the charcoal. Simi- 
larly McBain * has shown that when hydrogen which has been 
n contact with charcoal for a long time is pumped out the 
greater part of it (that condensed on the surface) can be dr.awn 
off immediately, but a small residue (presumably present in 
solid solution) can only be removed very slowly. 

It has now been established that the phenomenon under 
consideration is physical in nature and mainly at Ic.ast due 
to surface condensation. In order to distinguish it from sucli 
a process as the absorption of gases in liquids, an example of 
true solution, the process is termed Adsorption, and the sub- 

‘ Tmni. Chtm. Soe., 1907, 91 , 1666, 

• Phil. ilAy-., 1909, 18 , S16. 
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stance which is condensed on the surface of the solid phase is 
Said to be adsorbed. 

Adsorption 0! Gases. Adsorption Formnte— So far we have 
been concerned mainly with the adsorption of substances from 
Solution- It is now necessary to deal a little more in detail 
with the fact already mentioned, that porous substances have 
a considerable adsorptive power for gases, and that those gases 


coal. The amount of gas adsorbed is proportional to the ad- 
sorbing surface and is the greater the lower the temperature 
and the higher the pressure. Titoff found that the adsorption 
of hydrogen follows Henry’s law, so that the formula 

Constant 

applies, where Cj, represents the concentration in the solid 
phase, Ca that in the gas phase The other gases at low tem- 
peratures do not follow Henry’s law, but the results arc repre- 
sented fairly satisfactorily by a formula of the type C]j'!C , « 
Constant. The adsorptive power of charcoal for traces of gas, 
especially at low temperatures, has been used by Dewar to 
obtain the highest vacua yet reached ; the pressures were too 
low to be capable of measurement 

It has been shown above that a formula of the type = 

Constant — an exponential formula — affords a fairly satisfactory 
representation of the adsorption both of gases and dissolved 
substances. In the literature it is met with in a slightly different 
form, which will now be given Instead of writing C^^'yC, we 
may put CJCi = Constant. When for C* we put x/nt, where 
* represents the amount of substance adsorbed by m grams of 
adsorbent, we obtain, putting p for C, and l/n for 2, the formula 

x/jti = ft**'-. 

where p and « are constant at constant temperature. When 
I/n*! the adsorption follows Henry’s law, but in almost 

‘ /’me. Hoy. Sot., 19 * 0 . 84 , a , 99 . 

• ZetiteA. fhyttM Cktm , 1910 , 74 , 641 - 
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every instance i/h is considerably less than i. This expresses 
the important fact that adsorption is relatively greatest from 
dilute solution and falls off rapidly with the concentration 
(P- 327). 

The Cause o£ Adsorption — Adsorption of gases and liquids 
occurs more or less at all solid surfaces, a well-known case in 
point being the adsorption of moisture by glass surfaces, but 
it is only when the surface is very large in comparison with the 
weight of the solid — as in the case of porous and finely divided 
substances — that it can readily be measured. We have now to 
consider why the concentration in the surface layers differs in 
many cases so greatly from that in the main bulk of the liquid 
or gas phase. It seems probable at the outset that this must 
be connected with molecular attraction at the boundary of 
the phases, in other words with the surface tension (p. 89), and 
the connection between surface tension and adsorption has 
been deduced theoretically by Willard Gibbs and by J. J. 
Thomson. From the general standpoint we must assume that 
not only increased concentration, but in certain systems a 
lowering of concentration at the surface, as compared with that 
in the main bulk of liquid, may occur. Calling an increase of 
concentration positive adsorption and a diminution negative 
adsorption, the rule may be expressed as follows : ^ A dissolved 
substance is positively adsorbed when it loivers the surface tension, 
negatively aborted xvhen it raises the surface tension. Tlie first 
case is met with in most solutions of organic compounds ; the 
second in solutions of highly ionized inorganic salts. 

Further 331 ustrations of Adsorption — One very important 
process in svhich adsorption plays a prominent part is the 
dyeing of fibres such as wool and silk. Whether dyeing is 
purely an adsorption phenomenon or whether chemical action 
also plays a part has given rise to a great deal of discussion, and 
is by no means finally settled. It has recently been shown 
that the distribution of crystal violet, new magenta, and patent 
blue between wool, silk, and cotton on the one hand, and water 
on the other is satisfactorily represented by the adsorption 
formula, and the value of the exponent Yn 's approximately 
tlie same as when charcoal is used as absorbent, a result which 

^Cf. KapillarchemU. p, 5a. 
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supports the adsorption theory. On the other hand, Knecht 
showed some years ago that when the basic dye crystal violet 
(the hydrochloride of an organic base) is shaken up with wool 
or silk the dye is decomposed, the cation combining with the 
fibre and the anion (m this case Cl') remaining in the solution. 
This result was first described as a case of double decomposition 
between the dye and the fibre, the dye combining with an 
organic acid in the fibre to form a salt, and ammonia originally 
associated with the fibre combining with the chlorine to form 
ammonium chlonde Freundhch and Neumann ^ have shown, 
however, that in certain cases at least the chlorine is not left 
in the solution as a salt, but in the form of hydrochloric acid. 
The exact form in which the adsorbed dye occurs on the adsor- 
bent does not seem to have been properly established — the 
colour appears to indicate that it is present as a salt and not 
as the free base. 

The process just described would at first sight appear to be 
an ordinary chemical change, but further investigation shows 
that charcoal and even glass pellets split up dyes in an exactly 
analogous way, the cation being adsorbed and the anion re- 
maining m solution It can scarcely be supposed that the 
charcoal or the glass enter into chemical action with the dyes 
Phenomena of an exactly similar nature have already been met 
with in connection with the precipitation of colloids by electro- 
lytes (p. 324), and it has been shown that they are connected 
with the electrical character of the colloidal particles, that ion 
being most largely adsorbed which carries a charge of opposite 
sign to that on the colloid The splitting of basic dyes de- 
scribed in the present section might be accounted for on similar 
lines, as also the well-known fact that an " acid " fibre adsorbs 
more particularly basic dyes and a *' basic " fibre “ acid " dyes. 
The above is a brief outline of the adsorption theory of dyeing, 
but the process in any particular case is doubtless complicated 
by other factors, and at present is far from being understood. 

It has been suggested by Bayliss and others that adsorption 
plays an important part in enzyme reactions ; the substance 
acted on is first adsorbed by the colloidal enzyme particles and 
chemical change follows. The interesting fact that colloids 

* Z*itieh.phjrstkai.Cit»i , I909|67, 538 
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uch as gelatine increased the stability, of suspension colloids 
uch as silver bromide or colloidal gold towards electrolytes 
nay also be accounted for on the basis of adsorption. In the 
;ase- under consideration it is assumed that the gelatine is ad- 
orbed as a thin film on the surface of the particles, so that the 
atter do not come directly in contact with the electrolyte. It 
las quite recently been shown that certain dyes, more parti- 
ularly erythrosine, also exert a protective action on colloidal 
ilver bromide. Substances acting in this way are termed 
‘ protective ’’ colloids. 


CHAPTER XIII 

THEORIES OF SOLUTION 

General — ^The nature of solutions,* more particularly as re- 
gards the connection between their properties and those of 
the components, has long been one of the most important 
problems of chemistry. It was early recognized that the 
properties of a solution arc very seldom indeed the mean of 
the properties of the components, as must necessarily be the 
case if solvent and solute exert no mutual inSuence. Thus 
we know that when two liquids are mixed either expansion or 
contraction may occur, the boiling-point of a mixture may be 
h gher or lower than those of either of its components (p. 99), 
and a mixture of two liquids may have a high conductivity, 
although the components in the pure condition are practically 
non-conductors (p. 265). 

The most obvious way of accounting for observations of this 
nature is to assume that they are connected with the formation 
of chemical compounds between the two components of the 
solution. As a matter of fact, explanations of the observed 
phenomena on these lines were formerly in great favour. As 
water was the substance most largely used as a component of 
solutions (as solvent), the explanation of the properties of 
aqueous solutions on the basts of formation of chemical com- 
pounds between water and the solute was termed the hydrale 
theffry of solution. This theory appeared the more plausible 
as a very large number of hydrates— compounds of substances, 
more particularly salts, with water — are known in the solid 
state, thus showing that there is undoubtedly considerable 
chemical aSinity between certain solutes and water. 

* For limpbaty, only loixturrs of two components will be considered in 
ihi« chapter. 
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In spite of the plausible nature of the hydrate theory, how- 
ever, it did not prove very successful in representing the 
properties of aqueous solutions, and some facts were soon 
discovered in apparent contradiction with it. Thus, as already 
mentioned, Roscoe showed that the composition of the mixture 
of hydrochloric acid and water with minimum vapour pressure, 
alters with the pressure, and therefore could not be connected 
with the formation of a definite chemical compound of acid 
and water, as had previously been assumed (p. lOi). 

The development of the electrolytic dissociation theory, 
which has been discussed in the previous chapters, led to a 
considerable change of view with regard to the influence of 
the solvent on the properties of aqueous solutions. The pro- 
perties of the solvent were to some extent relegated to the 
background,^ and it was looked upon simply as the medium 
in which the molecules and the ions of the solute — the really 
active things — moved about freely. The fact that such great 
advances in knowledge have been made by working along those 
lines naturally goes far to justify the method of procedure. 

Within the last few years, however, mainly as a result of the 
investigation of solutions in solvents other than water, it has 
come to be recognized that the solvent may play a more direct 
part in determining the properties of dilute solutions than some 
chemists were formerly inclined to suppose. Although the main 
properties of aqueous solutions can be accounted for without 
express consideration of affinity between solvent and solute, it 
appears probable that the latter effect must be taken into con- 
sideration in order to account for certain secondary phenomena 
(and possibly also in connection with ionization) (p. 345). 

In the previous chapters the evidence in favour of the 
electrolytic dissociation theory could not be dealt with as a 
whole, owing to the fact that it belongs to different branches 
of the subject. In the present chapter a short summary of the 
more important lines of evidence bearing on the theory will be 

* The properties of the solvent arc, of course, all-important in deter- 
mining whether a substance becomes ionized or not. But it was not found 
necessary to take the question of affinity into account directly, and the 
equations representing ionic equilibria did not contain any term referring 
directly to the solvent 
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given, and then a brief account of the investigation of solutions ' 
in solvents other than water. Finally, after dealing with the 
older hydrate theory of solution, the possible mechanism of 
electrolytic dissociation will be considered. 

Evidence in Favoor of the Electrolytic Dissociation Theory— 
The evidence m favour of the electrolytic dissociation theory 
is partly electrical and partly non-electrical The non-electrical 
evidence goes to show that there are more particles in dilute 
solutions of salts, strong acids, and bases, than can be accounted 
for on the basis of their ordinary chemical formulz, and that 
in dilute solution the positive and negative parts of the molecule 
behave more or less independently. The electncal evidence 
goes to show that the particles which result from the splitting 
up of simple salt molecules are associated with electric charges, 
either positive or negative. 

The main points are as follows : — 

(a) If Avogadro's hypothesis applies to dilute solutions, 
gram-molecular (molar) quantities of dilTerent substances, dis- 
solved in equal volumes of the same solvent, must exert the 
same osmotic pressure. As a matter of experiment, salts, strong 
acids, and bases exert an osmotic pressure greater than that due 
to equivalent quantities of organic substances (p 134) The 
electrolytic dissociation theory accounts for this on the same 
lines as the accepted explanation for the abnormally high 
pressure exerted by ammonium chloride ; it postulates that 
there are actually more particles present than that calculated 
according to the ordinary molecular formula. 

(() Many of the properties of dilute salt solutions are additive, 
that is, they can be represented as the sum of two independent 
factors, one due to the positive, the other to the negative part 
of the molecule. This is true of the density, the heat of 
formation of salts (p. 153), the velocity of the ions (p. 257), 
the viscosity, and more particularly of the ordinary chemical 
reactions for the "base” and "acid” as used m analysis 
(p. 3ll)- 

A very striking illustration of the independence of the pro- 
perties of one of the ions m dilute solution on the nature of 
the other is the colour of certain salt solutions, investigated 
by Ostwald. He examined the solutions of a large number of 
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metallic permanganates, and found that all had exactly tlie same 
absorption spectra. Tliis is exactly what is to be expected 
according to the electrolytic dissociation theory, the cricct being 
exerted by the permanganate ion. Similarly, salts of rosaniline 
with a large number of acids in verydilute solution gave identical 
absorption spectra (due to the rosaniline cation), but rosaniline 
itself, which is very slightly ionized, gave a quite different 
spectrum. 

Too much stress should not be laid on this criterion, how- 
ever, as certain properties, e.g., molecular volumes of organic 
compounds (p. 70) and the heat of combustion of hydro- 
carbons (p. 153), arc more or less additive, although nothing 
in the nature of ionization is here assumed. 

(c) The magnitudes of the degree of dissociation, calculated 
on two entirely independent assumptions — (i) that the con- 
ductivity of solutions is due to the ions alone, and not to the 
non-ionized molecules or to the solvent ; (2) that the abnormal 
osmotic pressures shown by aqueous solutions of electrolytes 
are due to the presence of more than the calculated number 
of particles owing to ionization — show excellent agreement 
(p. 268). 

{d) The heat of neutralization of molar solutions of all 
strong monoacidic bases by strong monobasic acids is 13,700 
calorics, in excellent agreement with the value for the reaction 
H- + Ol-r — HjO, calculated by van’t Hoff's formula from 
Kohirausch’s measurements of the change of conductivity of 
pure water with the temperature (p. 300). 

(c) T.ie results obtained by four entirely independent methods 
for the degree of ionization of water are in striking agreement, 
in spite of the fact that the assumed ionization is very minute 
(p. 299). 

(/) The formula for the variation of electrical conductivity 
with dilution, obtained by application of the law of mass action 
to the assumed equilibrium between ions and non-ionized mole- 
cules in solution, represents the experimental results in the case 
of weak electrolytes with the highest accuracy (p. 273). 

(g) As shown in the next chapter, our present views as to 
the origin of differences of potential at the junction of two 
solutions, or at the junction of a metal and a solution of one 
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of its salts, are based on the osmotic and electrolytic dissocia- 
tion theories, and the good agreement between observed and 
calculated values goes far to justify the assumptions on which 
the formulce are based 

Many other illustrations of the utility of the electrolytic 
dissociation theory are mentioned throughout the book. 

Ionization in Solvents other than Water* — In accordance 
with the mode m which the subject has developed, we have 
up to the present been mainly concerned with aqueous solutions 
and the just fication for this order of treatment is that the re- 
lationships in aqueous solution are often very simple in character, 
as shown in detail in the last chapter. The importance of a 
theory would, however, be much less if it only applied to aqueous 
solutions, and it is therefore satisfactory that in recent years a 
very large number of liquids, both organic and inorganic, have 
been employed as solvents. 

Although the progress so far made in this branch of know- 
ledge is not great, the available data appear to show that 
the rules whteh have been found to hold for aqueous solutions 
are often not applicable to non-aqtuous solultons.* 

Some solvents, such as ethyl and methyl alcohol, acetic acid, 
formic acid, hydrocyanic acid and liquefied ammonia, form solu- 
tions of fairly high conductivity with salts and other substances ; 
these are termed dissociating solvents (p 132). Solutions in 
certain other solvents, such as benzene, chloroform, and ether, 
are practically non-conductors, and the solutes are often present 
in such solutions in the form of complex molecules These 
solvents are therefore often termed associating solvents, but it 
is not certain whether they actually favour association or 
polymerization of the solute, or have only a slight effect in 
simplifying the naturally polymerized solute. 

It is natural to inquire whether there is any connection 
between the ionizing power of a solvent and any of its other 
properties. It has been found that as a general rule those 
solvents with the greatest dissociating power have high ifi- 
electric constants (p. 232) (J. J. Thomson, Nemst, 1893). This 
observation is easily understood when it is remembered that 

• Taylor, physical Chtmulfy (Macmihan), pp 581- 

• Ibtd., toe. etl. 
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the attraction between contrary electric charges is inversely 
proportional to the dielectric constant of the medium ; it is 
evident that the existence of the ions in a free condition must 
be favoured by diminishing the attraction between the contrary 
charges. The dielectric constants of a few important solvents 
(liquids and liquefied gases) at room temperature are given in 
the table : — 


Solvent. 

D.C. 

Solvent. 

D.C. 

Hydrocyanic acid . 

. 95 

Acetone 

. 21 

Water . 

. 81 

Pyridine 

. 20 

Formic acid . 

• 57 

Ammonia 

. 16-2 

Nitro benzene 

. 36-5 

Sulphur dioxide 

. 137 

Methyl alcohol 

. 32-5 

Chloroform 

5-2 

Ethyl alcohol 

. 21-5 

Benzene 

2-3 


The data arc not usually available for an accurate comparison 
of the dissociating power of a solvent with its dielectric constant, 
as the values of for electrolytes in solvents other than water 
have been determined in only a few cases. It is important to 
remember that a comparison of the conductivities of solutions 
of the same concentration in dillcrcnt solvents is in no sense a 
measure of the respective ionizing powers of the solvents, as 
the conductivity also depends on the ionic velocity (p. 258). 
The available data arc, however, sufficient to show that al- 
though there is parallelism, there is not direct proportionality 
between dielectric constant and ionizing power. There appears 
also to be some connection between the degree of association 
of the solvent itself and its ionizing power. The examples 
already given show that water, the alcohols, and fatty acids, 
which are themselves complex, arc the best ionizing solvents. 
There are, however, exceptions to this as to all other rules 
in this section ; liquefied ammonia, though apparently not 
polymerized, is a good ionizing solvent. 

Briihl has suggested that the ionizing power of a solvent 
depends on- what he calls subsidiary valencies (the “ free 
affinity ’’ of Armstrong) ; in other words, the best ionizing 
solvents arc those which are unsaturated. It ,is by no means 
improbable that the dielectric constant, the degree of poly- 
merization, and the degree of unsaturation of a solvent are 
in some way connected. 
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The ionizing power of a solvent may be partly of a physical 
and partly of a chemical nature. The effect of a high dielectric 
constant would appear to be mainly physical; on the other 
hand, if the effect of a solvent depends on its unsaturated 
character, it would most likely be chemical in character. 

The Old Hydrate Theory ot Sololion *— As already mentioned, 
attempts have been made to account for the properties of 
aqueous solutions of electrolytes on the basis of chemical 
combination between solvent and solute. Among those who 
have supported this view of solution, the names of Jlendel^cff, 
Pickering, Kahlenberg,* and Armstrong * may be mentioned. 

Mendelceff made a number of measurements of the densities 
of mixtures of sulphuric acid and water, and drew the con- 
clusion that the curve representing the relation between density 
and composition is made up of a number of straight lines 
meeting each other at sharp angles, the points of discontinuity 
corresponding with definite hydrates, for example, HjS04, HjO ; 
H3SO4, 2HjO; HjSO^, 6HjO and HjSO*, 150H1O. Pickering 
repeated Mendel^eff’s experiments, and found no sudden breaks 
in the density curve, but only changes in direction at certain 
points. He also drew the conclusion that these points cor- 
respond with the composition of definite compounds of the 
acid and water. 

In this connection it may be recalled that the curve obtained 
by plotting the electrical conductivity of mixtures of sulphuric 
acid and water against the composition (p. 265) shows two dis-" 
tinct minima, at lOO per cent, and 84 per cent of sulphuric 
acid respectively, corresponding with the compounds HjSOi 
(SOj, HjO) and HjSO^, HjO respectively. As it is a general 
rule that the electrical conductivity of pure substances is small, 
there is little reason to doubt that the 84 per cent, solution 
consists mainly of the monohydrate HjS04, H2O. The con- 
tention of Mendelceff and Pickering, that aqueous solutions of 
sulphuric acid contain compounds of the components, is thus 
partially confirmed by the electrical evidence. 

' Pickering, Watts’ Dhltonawy »f Chrmistry, Article " Solution " ; 
Arrhenius, TkeorUt ef Chem\stry (Longnistu, 1907I, chap. lu. 

* For a summary of Kahlenbcrg’s Tiews on Solution, see Trans. FaraJay 
So<.. 1905. 1 . 4 *- 
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There is not much reason to doubt the truth of the first 
postulate of the hydrate theory, that in many cases hydrates 
are present in aqueous solution. The hydrates arc, however, 
in all probability more or less dissociated in solut on, and 
it will not usually be possible to determine the presence of 
definite hydrates from the measurement of physical properties. 
It is probable that in general the equilibria arc somewhat com- 
plicated, and arc displaced gradually by d lution in accordance 
with the law of mass action, which accounts for the experimental 
fact that in general the properties of aqueous solutions alter 
continuously with composition. 

Having proved the existence of hydrates in salt solutions in 
certain cases, Pickering ^ attempted to account for the properties 
of aqueous solutions (osmotic pressure, electrical conductivity, 
etc.) on the basis of dissociation alone, but as his views have not 
met with much acceptance, a reference to them will be sufficient 
for our present purpose. Kahlenherg,® who has carried out 
many interesting experiments in solvents other than water, re- 
gards the electrolytic dissociation theory as unsatisfactory, and 
considers that the process of solution is one of chemical com- 
bination between solvent and solute, Armstrong has also 
attempted to account for the properties of aqueous solutions 
on the basis of association between solvent and solute.® 

Although, as we have seen, cases are known in which a 
maximum or minimum or a change in the direction of a curve 
may correspond more or less completely with the formation of 
a compound between the two components of a homogeneous 
solution, this does not by any means always hold. It has 
already been pointed out that the curve representing the varia- 
tion of the electrical conductivity of mixtures of sulphuric acid 
and water with the composition has a maximum at 30 per cent, 
of acid (p. 265). As the pure liquids are practically non- 
conductors, whilst the mixtures conduct, there must necessarily 
be a concentration, between 0 and loO per cent, acid, at which 
the conductivity attains a maximum value. This maximum will 
clearly have no reference to the formation of a chemical com- 

1 Loc. cil. » Loc. cit. 

* Lee. cit; also Encyc. Sritanmea, loth Edition, vol. xxvi., p. 741. 
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pound between sulphuric acid and water, since this would tend 
to diminish the conductivity. 

Similar considerations appear to apply for other physical 
properties which attain a maximum value for binary mixtures. 
The curve representing the variation of the viscosity (interna! 
friction) of mixtures of alcohol and water with composition 
shows a maximum at 0* for a mixture containing 36 per cent, 
of alcohol, corresponding with the composition (CjHjOH)^, 
qHjO, and it has therefore been suggested that the solution 
consists mainly of this hydrate At 17®, however, the mixture 
of maximum viscosity contains 42 per cent., and at 55® rather 
more than 50 per cent, of alcohol The last-mentioned mixture 
corresponds with the composition {CiH,OH)j, sHjO. If we 
accept the association view of this phenomenon, it must be 
assumed at o* the solution contains a hydrate (CjHjOH)*. 
pHjO, and at 55® a hydrate (CjHjOH),, 5H|0, and that at 
intermediate temperatures the hydrates with 6, 7, and 8 HjO 
exist — which does not appear very probable. 

Now, Arrhenius has shown that as a genera) rule the addition 
of a non*electfolyte raises the viscosity of water Therefore, if 
the viscosity of the non*etectrolyte is less than, or only slightly 
exceeds that of water, the curve obtained by plotting viscosity 
against the composition of the mixture must necessarily attain 
a maximum at some intermediate point. Why mixtures of two 
liquids have often a higher viscosity than either of the pure 
liquids is not known, no general agreement having yet been 
reached on this and allied questions * 

Mechanism 0! Electrolytic DissodatioD. Fonction ol the Sol- 
vent — ^The fundamental difference between association theories 
of solution, as discussed m the last section, and the electrolytic 
dissociation theory is that the advocates of association entirely 
reject the postulate of the independent existence of the ions. 
As, however, the different theories of association unaccompanied 
by ionization have so far proved quite inadequate to account 
quantitatively for the behaviour of aqueous solutions, whilst 

‘ Compare Senter, Free. CAem. Sm., 1909, 29*. For evidence in favour 
of the association view of this phenomenon, compare Dunstan, Trant CAem 
Society, ioo7t 91 | Sj , Dunstan and Thole, titJ , 1909, 95, 1556 
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the electrolytic dissociation theory not only affords a satis- 
factory quantitative interpretation of the more important 
phenomena observed in solutions of electrolytes (Chap, x.), 
but lias led to di.scoverics of the most fundamental importance 
for chemistry, it is not surprising that tiic electrolytic dis- 
sociation theory has now met with practically universal accept- 
ance, It is very likely that as a result of further investigation 
the theory may require modification in some subsidiary respects, 
but its general validity appears no longer doubtful. 

We arc now in a position to discuss the po.ssiblc mechanism 
of electrolytic dissociation, i.e., the factors concerned in the 
conversion of a non-ionized salt into ions when dissolved in 
water or other ionizing .solvent. In this connection two points 
of importance must be kept in mind : (i) There is a more 
or less complete parallelism between the ionizing power of a 
solvent and certain of its properties, such as the magnitude of 
the dielectric constant and its degree of polymerization ; ( 2 ), the 
sum of the energy associated with the ions is usually not very 
different from that associated with the non-ionized molccule.s 
in solution. The first point has already been fully dealt with. 
The energy relations in the process of ionization will now be 
briefly considered. 

As such elements as potassium and chlorine give out a large 
amount of heat when they combine to form potassium chloride, 
it seems at first sight as if the splitting up of potassium chloride 
into K- and Cl' ions must absorb a large amount of heat. 
Although it has to be borne in mind that the salt is not split 
up into its component elements (a process which certainly 
absorbs a large amount of heat) but into K- and Cl' ions, of 
the energy content of whicli little is known, it is nevertheless 
probable that the process of ionization docs involve a taking up 
of energy, as the following considerations show. 

It has already been pointed out that the heat of ionization 
(the heat given out when a mol of a non-ionized salt in solu- 
tion is completely ionized) may bo calculated by the van’t 
Hoff formula connecting heat given out with displacement of 
equilibrium, when the equilibrium at two near' temperatures is 
known (p. 290 ). The available data indicate that the heat of 
ionization is small, and may be positive or negative. According 
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:o Arrhenius, the energy equation for the ionization of dissolved 
)0t3ssium chloride is as follows : — 

KCI = K* Cr + 362 cal , 

he heat of ionization being thus exceedingly small. On the 
)ther hand, when potassium chloride is formed from its elements, 
05,600 cal. are given out for gram-equivalent quantities, hence 
he energy equation for the decomposition of potassium chloride 
nto metallic potassium and free chlorine is 

KCl = ^ + ?! - 105,600 cal. 

The further separation of metallic potassium and free chlorine 
nto uncharged atoms would probably absorb still more heat, so 
hat the reaction 

KCI = K + Cl 

nust absorb a very large amount of heat On the other hand, 
fe have just seen that in the splitting op of the salt into charged 
.tom9->the ions— a little heat is actually given out It seems, 
herefore, that the process of ionization must be attended by 
ome exothermic reaction, which more than compensates for 
he heat presumably absorbed in splitting up the molecules. 

Up to the present no definite conclusion has been arrived at 
s to the source of the energy in question. Some of the possi* 
lilities are as follows : — 

(a) As the molecule splits up into panicles charged with 
lectricity, the energy in question may come from some inter- 
ction between electricity and matter. On this point nothing 
an be said with certainty in the present state of our knowledge.* 

(i) The energy may result mainly from combination between 
he ions and water. Van dcr Waals* (1891) has suggested 
hat ionization in aqueous solution is essentially a hydration 
irocess; he considers that it is the affinity of the tons for the 
olvent which effects the break-up of the molecule, and that the 
nergy required for ionization comes from the heat of hydration 
f the ions. 

*C/. Ostwald, Fitzgerald, Brtitik Anoaatun Reporti, 1890. 

* ZtiUeh. pkysihal.Chem , 1891, 8, *15. Cf, Bouzfield and Lowrj, Tram 
■arvdi^ Soe., 1907, S, 1. 
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the electrolytic dissociation theory not only affords a satis- 
factory quantitative interpretation of the more important 
phenomena observed in solutions of electrolytes (Chap, x.), 
but has led to discoveries of the most fundamental importance 
for chemistry, it is not surprising that the electrolytic dis- 
sociation theory has now met with practically universal accept- 
ance. It is very likely that as a result of further investigation 
the theory may require modification in some subsidiary respects, 
but its general validity appears no longer doubtful. 

We are now in a position to discuss the possible mechanism 
of electrolytic dissociation, i.e., the factors concerned in the 
conversion of a non-ionized salt into ions when dissolved in 
water or other ionizing solvent. In this connection two points 
of importance must be kept in mind : (l) There is a more 
or less complete parallelism between the ionizing power of a 
solvent and certain of its properties, such as the magnitude of 
the dielectric constant and its degree of polymerization ; (2). the 
sum of the energy associated with the ions is usually not very 
different from that associated with the non-ionized molecules 
in solution. The first point has already been fully dealt with. 
The energy relations in the process of ionization will now be 
briefly considered. 

As such elements as potassium and chlorine give out a large 
amount of heat when they combine to form potassium chloride, 
it seems at first sight as if the splitting up of potassium chloride 
into K- and Cl' ions must absorb a large amount of heat. 
Although it has to be borne in mind that the salt is not split 
up into its component elements (a process which certainly 
absorbs a large amount of heat) but into K- and Cl' ions, of 
the energy content of which little is known, it is nevertheless 
probable that the process of ionization does involve a taking up 
of energy, as the following considerations show. 

It has already been pointed out that the heat of ionization 
{the heat given out when a mol of a non-ionized salt in solu- 
tion is completely ionized) may be calculated by the van’t 
Hoff formula connecting heat given out with displacement of 
equilibrium, when the equilibrium at two near temperatures is 
known (p. 290). The available data indicate that the heat of 
ionization is small, and may be positive or negative. According 
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to Arrhenius, the energy equation for the ionization of dissolved 
potassium chloride is as follows: — 

KCl =s K* + CV -i- 362 cal., 

the heat of ionization being thus exceedingly small. On the 
other hand, hen potassium chloride is formed from its elements, 
105,600 cal. are given out for gram-equivalent quintities, hence 
the energy equation for the decomposition of potassium chloride 
into metallic potassium and free chlorine is 

KCl = ^ -f. _ 105,600 caL 

The further separation at metal/ic potassium and free chlorine 
into uncharged atoms would probably absorb still more heat so 
that the reaction 

KQ « K + Cl 

muse absorb a very large amoune of heat. On the other hand, 
we have just seen that in the sphtting up of the salt into charged 
atoms^'the ions— a little heat is actually given out. It seems, 
therefore, that the process of ionization must be attended by 
some exothermic reaction, which more than compensates for 
the heat presumably absorbed m splitting up the molecules. 

Up to the present no definite coociusion has been arrived at 
as to the source of the energy in question. Some of the possi- 
biiities are as follows : — 

(a) As the molecule splits up into particles charged with 
eiectric/fy, the energy sn question may come from some inter- 
action between electricity and matter. On this point nothing 
can be said W’ith certainty in the present state of our knowledge.' 

{b) The energy may result mainly from combination between 
the ions and water. Van der WaaU* (1891) has suggested 
that ionization in aqueous solution is essentially a hydration 
process ; he considers that it is the affinity of the ions for the 
solvent which effects the break-up of the molecule, and that the 
energy required for ionization comes from the heat of hydration 
of the ions. 

tC/.Ostwsld, Fittgeraid, J9r*/u* iSqo, 

‘ pkyrOtai. 1891, 8, sis- C/. Bousfield wd 

Fjrfdi^ Sec., I907» *• 
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(c) Dutoit, arguing from the parallelism between the poly- 
merization of the solute and its ionizing power, and assuming 
that the process of solution is attended with partial simplification 
of the solute molecules, has suggested that the energy is ob- 
tained from the depolymerization in question. 

The suggestion of van der Waals finds a certain amount of 
support from recent investigations on solvents other than water. 
Carrara ^ considers that the ions are produced as a consequence 
of the chemical affinity between the two parts of the molecule 
and the solute, and that in consequence of the high dielectric 
constant in ionizing media, they, along with their associated 
solvent molecules, are kept in the ionic condition once they 
are formed. 

It should, however, be remembered that this suggestion as 
to the mechanism of ionization, although interesting and 
suggestive, is little more than a plausible speculation, and that 
there are many points about this process which are very im- 
perfectly understood. 

Newer Theories regarding Strong Electrolytes— Within the 
last few years the problem of the anomalous behaviour of strong 
electrolytes has been brought much nearer to solution. It has 
become clear that the properties of strong electrolytes cannot 
be represented in terms of a degree of dissociation measured 
by the ratio of conductivities /x„/ju,co (P- 267). A great deal of 
attention has been devoted to the exact determination of the 
thermodynamical properties of solutions, and the results have 
been expressed in terms of the concept of activity introduced 
by G. N. Lewis.® The " activities ” are expressions of the par- 
tial free energies of substances in solution and the activities of 
the components of a solution are not strictly proportional to 
their respective molecular concentrations. The deviation from 
the, laws of a perfect gas or a perfect solution may be con- 
veniently expressed by the activity coefficient, y, the ratio of 
activity, a, to concentration, c, which is the factor by which the 
concentrations have to be multiplied in order to make the law 
of mass action applicable to actual as distinguished from ideal 
solutions. The activities of all molecules and ions approach 

^ Loc, cit., p. 417. 

* Cf. Lewis and Randall, Thermodynamics. The McGraw Hill Book Co. 

(1923)- 
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proportionality to their concentrations as their concentrations 
approach zero. 

The activity coefBcients of a lat^e number of substances 
have been determined from vapour pressure, freezing-point and 
E M.F measurements, and the results obtained by the di/Ierent 
methods are in good agreement In the case of strong electro- 
lytes the activity coefficient (which is unity at zero concentration) 
diminishes at first with increasing concentration, reaches a mini- 
mum and rises again, becoming greater than unity at high con- 
centrations. These results are of course independent of any 
theory which may be put forward to account for the deviations 
from the behaviour of ideal solutions. 

As has already been mentioned, it is now generally accepted 
that in the case of strong electrolytes the degree of dissociation 
cannot be obtained by applying the formula « = fiJiSa, which 
holds so accurately for weak electolytes. The view has gained 
ground that strong electrolytes arc completely or almost com- 
pletely ionized in solution and that the alteration of eguivalent 
conductivity with concentration is due mainly to changes in the 
electrical forces between the ions The Debye-Huckel theory 
of interionic forces postulates that owing to electrical attraction 
every ion is surrounded by an excess of ions of opposite charge. 
The theory has been applied to osmotic properties and also to 
electrical conductivities with fairly satisfactory results. We will 
here consider only the application to electrical conductivities 
Assuming Stokes' law, Debye and Huckel deduce the formula 
for dilute solutions 

-A. = A.,(K,«>. + K,i)v^ . . (I) 

where Aao and A, are the equivalent conductivities at infinite dilu- 
tion and at concentration c, and if£ = I, and U 

being the mobilities of cation and anion, b the mean ionic 
radius Ki and Kj constants depending on the temperature and 
dielectric constant of the medium When an ion is moving 
through a solution a finite time is required for the redistribution 
of the ions in accordance with the Debye-Huckel theory (pcnod 
of relaxation) and there will always be excess of ions of the 
opposite sign in the rear, hence the ion will be subject to a 
retarding force. Further, since ions of different sign are moving 
in opposite directions and dra^ng with them a certain anv-^ 
of solvent the viscous resistance to the motion of an 
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be greater than if the other ion were at rest The term 
in equation (l) represents the diminution of conductivity due 
to the unsymmetrical distribution of the ions, Kgfi that due to 
the viscosity effect. 

The Debye-Hiickel theory has been tested by numerous in- 
vestigators and its general validity may be regarded as estab- 
lished, although it may require modification in minor respects. 
Onsager ^ has recently introduced a correction by taking account 
of the Brownian movement of the ions. As it happens, this 
leads to a much simpler equation than the original one of 
Debye and Huckel. The mean radius of anion and cation in 
the Debye-Hiickel equation is eliminated and a knowledge of 
the individual ionic mobilities is not required. The equation 
therefore contains no adjustable constant and. is well adapted 
for testing the theory. When numerical values for universal 
constants are inserted the equation takes the form for uni- 
univalent electrolytes ; 

, , r578 X 10® ^ , 58-0 1 /_ 

A. = - L • A™ + J V 2r, 

where D represents the dielectric constant at T° abs., and ?/ 
represents the viscosity. For many aqueous and alcoholic 
solutions the equation predicts with considerable accuracy 
the relationship between conductivity and concentration. 

It is probable that electrolytic dissociation is not complete 
for solutions of strong electrolytes in water even in moderately 
dilute solutions (0‘3 normal). Nernst ® accounts satisfactorily 
for the heats of dilution of strong electrolytes in water by 
assuming incomplete dissociation in accordance with the law 
of mass action in addition to the effects due to interionic 
attraction (Debye-Hiickel theory). 

Martin ® has reached a similar conclusion from the results of 
electrical conductivity measurements of solutions of the iodides 
of lithium sodium and potassium, of lithium bromide and of 
silver nitrate in benzonitrile. When a correction is applied for 
interionic attraction effects he finds that the simple Ostwald 
dilution law applies. It would appear, therefore, that when 
allowance is made for interionic attraction effects even strong 
electrolytes obey the law of mass action. 

'Onsager, Physikal. Ztilsch., 1926, 27, 33S; 1927, 28, 277. 

* Nemst. Z. Elecirechem.. 1027. 33. a.28. 
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ELECTROMOTIVE FORCE 

The Daniell Cell. Electrical Energy— The Daniell cell con- 
sists essentially of a large beaker or other vessel, containing 
a small porous cell. In the outer vessel, surrounding the 
porous cell, is a solution of zinc sulphate tn which dips a rod 
of 2 inc, and the porous pot contains a solution of copper sul- 
phate, in which dips a plate of copper. When the copper 
plate is connected to the zinc by a wire, an electric current 
flows through the wire As positive electricity passes in the 
wire from copper to zinc, the copper is termed the positive, 
the zinc the negative pole An examination of the cell will 
show that when the current js flowing, zinc is being dissolved at 
the negative pole, and copper is being deposited on the positive 
pole. If, instead of copper sulphate, the porous pot contains 
dilute sulphuric acid, hydrogen is given off at the surface of 
the copper when the zinc and copper are connected. It is, 
therefore, clear that the chemical change which gives rise to 
the current is the dissolving of zinc in sulphuric acid, repre- 
sented by the equation Zn + H,SO« = ZnSO| 4* Hi. ^ud ili.Tt 
in the Daniell cell the hydrogen is got ncl of by reducing 
copper sulphate in the porous pot, the change being repre- 
sented by the equation CuSOj + Hj = 11, *^0^ 4 Cu Com- 
bining the two equations, the chemical changes taking pine? 
while a Daniell cell is working arc represented by the cnu.-ilion 
Zn 4- CuSO, ZnSO, 4- Cu, 
which may be written 

Zn 4- Cu- 4- SO/ Zn- 4- SO/ 4* Cu, 
or more concisely, 

Zn 4* Cu- <=» Zn • -f Cu, 

349 
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that is; zinc changes from the metallic to the ionic form, and at 
the same time copper changes from the ionic to the metallic 
form. 

The Daniell cell may be looked upon as a machine for the 
conversion of chemical to electrical energy, and it is of great 
interest to inquire whether chemical energy is transformed into 
the equivalent amount of electrical energy, or whether other 
kinds of energy, such as heat, are also produced in the cell. 
This question can at once be settled by determining the heat 
equivalent, in calories, of the chemical energy transformed 
when I mol of copper in solution is displaced by zinc, and 
comparing it with the electrical energy (measured in calories) 
obtained during the process. 

From Thomsen’s measurements (p. 148) the displacement of 
I mol of copper in dilute solution by zinc is associated with a 
heat development of 50,130 calories. The electrical energy in 
volt-coulombs is, as has already been pointed out, the product 
of the electromotive force E in volts and the quantity of elec- 
tricity in coulombs. E for the Daniell cell is about I -op volts 
at room temperature. From Faraday’s law we know further 
that the liberation of a gram-equivalent of positive or..negative 
ions is associated with the passage of 96,500 coulombs, hence, 
as zinc and copper are bivalent, the reaction 

Zn + Cu" = Zn-- Cu 


is associated with the passage of 2 X 96,500 coulombs. The 
electrical energy, in calories (l volt-coulomb = 0-2391 calories), 
is therefore given by ^ 

ECt = I -op X 2 X 96,500 X 0-2391 = 50,300 cal. 

as compared with 5O1I30 calories, the heat equivalent of the 
chemical change which has taken place in the cell. The excel- 
lent agreement between observed and calculated values shows 
that in this case the assumption that the chemical energy is 
transformed completely to electrical energy is approximately 
fulfilled. 

It should be remembered that in an actual cell other chemical 
* C is tlie current, t the time, and Ct therefore the quantity of electricity. 
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changes may accompany the primary ones ; for example, those 
giving rise to the so-called EM.F. of polarization (p. 396). 
In comparing the heat equivalent of the main chemical action 
taking place in the cell with the electrical energy obtained, 
such changes must, of course, be'allowed for. In the Oaniell 
cell, however, there is no polarization, and the only reaction 
which takes place to any appreciable extent is the displacement 
of copper by zme, as has already been assumed. In this chapter 
We are mainly concerned with such non-polarizable cells. 

On account of the excellent agreement between the amount 
of chemical energy expended and the eleclncal energy generated 
in the Daniel) cell, it was at first thought that the transformation 
of chemical to electrical energy m all cells is practically com- 
plete, but further investigation showed that this is by no means 
always the case As indicated above, the question can readily 
be investigated for a non-polanzable element by comparing the 
iieat equivalent, Q, of the chemical change taking place in 
the element with the electrical energy generated wlule known 
quantities of the reacting substances are being transformed. 
The electrical energy may conveniently be measured as follows : 
The poles of the ceil are connected by a thin wire of high re- 
sistance, R, If r IS the internal resistance of the cell, the 
electrical <nerg>' generated m unit lime is given by 
EC « C> (R -k- r). 

Now R may easily be made so large compared with r that the 
amount of electrical energy converted to heat in the cell is 
negligible in comparison with that transformed in the outer wire. 
If then the current is measured and R is known, the quantity ol 
electrical energy produced by the cell in unit time is known, and 
hence that produced when « X 96,500 coulombs have passed 
round the circuit. This quantity of electrical energy is obtained 
during the chemical transformation of « equivalents of the cell 
material, and may be compared with Q, the heat given out 
when the chemical change takes pbee in a calorimeter. 

When a Daniell cell is examined in this way, it is found, as has 
already been pointed out, that the efectneal energy is pcacticaUy 
equal to Q, the heat equivalent of the chemical energy. There 
are, however, elements m which the electrical encr'*'’ thus 
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expended in the outer wire is less than the heat of tlie reaction ; 
in this case part of the chemical energy is expended as heat in 
the cell. In other elements, however, the electrical energy, 
ECt, is actually greater than the heat of reaction, Q, so that the 
element, while working, takes heat from its surroundings and 
transforms it into electrical energy. 

Relation between Chemical and Electrical Energy— The 
exact relationship between the chemical energy transformed 
and the maximum energy obtainable electrically in a reversible 
galvanic element can be obtained on thermodynamical principles 
by means of a cyclic process. The formula expressing the 
relationship (Willard Gibbs, 1878; Helmholtz, 1882), usually 
known as the Helmholtz equation, is as follows : — 


or 


«FE - Q = nFT 


dT 


E: 


«F^ dT 


(1) 

(2) 


v/herc E is the E.M.F. of the cell, Q is the heat equivalent of 
the chemical change for molar quantities, expressed in electrical 
units, F is 96,500 coulombs, T is the absolute temperature at 
which the cell is working, and n is the valency, or the number 
of charges carried by a mol of the substances undergoing 
change. By dEjdT is meant the rate of change of the E.M.F. 
of the cell with temperature — in other words, the temperature 
coefficient of the E.M.F. 


The Helmholtz formula is simply a direct application of the 
free energy equation 


A - 


U 


r— 

‘dT 


( 3 ) 


to a chemical change taking place in a galvanic cell. In the 
latter formula, U represents the total diminution of energy in a 
reacting system, and A is the available or free energy, that is, 
the maximum proportion of the total change of energy, U, which 
can be transformed into work (p. 157), In order to obtain 
formula (l) Q, the heat of reaction measured calorimetrically, 
is substituted for U in the free energy equation, and for A, the 
free energy, is substituted mFE, the maximum energy obtain- 



ELECTROMOTIVE FORCE 


353 


able electrically for molar dA^JT in the free 

energy equation then becomes nFTcE'ifT (n and F being 
constants), equation (l) being thus obtained. The equation 
should be remembered la the second form. 

From the first form of the Helmholts equation, some ver>* 
important coaclusians can be drawn as to the behaWoar cf 
reversible elements • — 

, (a) If dEjlT is positive, that is, if the EM.F. of the clement 
increases with temperature, the electrical eaergy, «FE is greater 
than the heat of reaction, Q, and the cell takes heat from its 
surroundings while working. 

(5) If rfE/dT is negative, that is, if the EM.F. of the clement 
diminbhes as the temperature rises, the heat of reaction. Q. 
is greater than the electrical energy*, nFE and the ceD warms 
while working. 

(f) If the E.M.F. does not alter with change of temperature 
[as is approximately the case b a Daniell cell), the heat cf 
reaction, Q, is equal to the electrical energ)’, and the ceS d^» 
not alter in temperature while working. 

{i) At absolute aero, that is, T = o, the right-hand side; and 
therefore abo the left-hand side, of equation (l) becomes e-sn, 
hence at the absolute zero the heat of reaction (diainutsca cd 
chemical energy) is alwaj's equal to the maximum e'ertriial 
energy obtainable (or in general to the free eaergj*, r/l p. 15^''- 

The applicability of the Helmholtz formula to chmmml 
changes which can be brought about reversibly in a 
element has been proved experimeotaUy by Jaha and ecisrsi- 
As an example, we will consider a cell made up ef rmc 
silver in contact with solutions of the respective chirriies. Tbf 
observed E.M.F. of such a cell at o® is I-OIS 
electrical energy in calonts for the transformation c: i 
the reacting substances is given by nFE = 1-015 X X 
2 X 0-239 =s 46_840 calories. The heat of reacri.'c 
the displacement of the equivalent amount of s:Iv«- tr.vs - 
tion by 1 mol of zinc) is 52,046 cal. Hence, as ti'* 

the change taking place in a galvanic evil fa c.t>- 

accoramg to the second law of thennodynainics, the 
^•ed, «FE, b the tnaxunum work obtainable frea th e di y 
foie a mearure of the free energy or chcnucal afr - rflsM 
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reaction is greater than the electrical energy, the temperature ci 
efficient of the E.M.F. is negative, and is given by the formula 


dE «FE - Q (46,840 - 52.046) 4-i 84 
dT “ ' ?jFT 2 X 96,540 X 273 


— 0-00041 (volt 


per degree) in excellent agreement with the experimental value, 
— 0-00040. As the value of dEjdT is required in volts, the 
energy in the above equation is necessarily represented in volt- 
coulombs (calories X 4-183). 

In order further to illustrate the above statements, which are 
of fundamental importance for our work, they will now be 
repeated in a somewhat different form. The quantities of 
energy given in the following paragraphs refer to molar quan- 
tities throughout. 

When a chemical change takes place without the performance 
of external work, the total change of energy, U, is equal to the 
heat of reaction, Q, measured in a calorimeter. 

When the same reaction takes place in a battery the poles 
of which are connected by a thin wire, the whole apparatus, 
including the connecting wire, being enclosed in a calorimeter, 
the heat developed in the latter is again Q for molar quantities 
transformed, the electrical energy in the connecting wire being 
degraded to heat. 

When the cell is in the calorimeter, and the thin connecting 
wire outside, there are three possible cases : — 

(a) If the heat of reaction, Q, is equal to the maximum 
electrical energy obtainable, jjFE, and if further the resistance 
of the cell is zero (in practice, very low) no heat will be de- 
veloped in the calorimeter, and the equivalent of Q calories 
of electrical energy will pass round the external wire. 

{b) If the heat of reaction is greater than the maximum 
lectrical energy obtainable, heat will be developed in the 
alorimeter as well as in the external circuit. 

(c) If the heat of reaction is less than the maximum electrical 
lergy heat wdll be absorbed in the calorimeter, and the heat 
juivalent of the electrical energy in the outer circuit will be 
eater than Q (provided that the resistance of the cell is 
gligible). 
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It has already been pointed out that the maximum work can 
only be obtained by carrying out a process reversibly, and 
therefore the Helmholta formula only applies to elements in 
which the process can be effected reversibly. This means that 
if an element such as the Daniell is giving out electrical energy 
at an E.M.F. represented by E, it can be restored to its initial 
condition by passing through it, at an E.M F. only just exceeding 
E, a quantity of electrical eneigy equal to that given out. In 
order that an electrochemical process should be completely 
reversible, the energy should be given out and taken m at the 
same potential, which in practice is impossible. A completely 
reversible process is therefore only an ideal case, which can be 
more or less completely attained to m actual practice. 

Many electrochemical processes are irreversible, more par- 
ticularly those m which gases are evolved For example, a 
Daniell cell in which the copper sulphate solution is replaced 
by sulphuric acid is irreversible, as, owing to the escape of 
hydrogen, it cannot be restored to its former condition by 
passing a current in the contrary direction 

Measorement ol Electromotire Force— The difference of 
potential between the two poles of a cell may have very 
different values according to the conditions of measurement. 
If the poles are connected by a wire of very high resistance, 
R, and the resistance of the cell is r, the fall of potential in 
the wire is CR and in the cell O. Since E C(R -f r), it is 
clear that the fall of potential CR in the outer circuit is only 
equal to E when Uie resistance R is infinitely large compared 
with r. It is therefore easy to understand why the resistance 
of volt-meters (instruments on which the difference of potential 
between two points can be read off directly in volts) is always 
very high. A further complication in measuring the E.M.F. 
of a cell while working is that in many cases the products of 


These difficulties are avoided by measuring the difference of 
potential between the poles of a cell w^en the circutt is open, 
that is, when the cell is not seodtng a carceat. In the present 
chapter, the symbol E stands for the E AI.F. of the jelhon open 
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circuit. The effect of completing the circuit will be dealt with 
more fully at a later stage. 

The E.M.F. of a cell on open circuit is most conveniently 
measured by the Poggendorff compensation method. The 
principle of the method is that the E.M.F. of, the cell is just 
compensated by an equal and opposite E.M.F. so that no current 
passes, and the measurement consists in altering an adjustable 
E.M.F. till the above condition is fulfilled. The arrangement 
of the apparatus for this purpose is shown in Fig. 40. A is a 
lead accumulator, or other source of cojistant E.M.F., which is 
connected to the two ends of a uniform wire BC, which may 
conveniently be a metre in length. The cell E, the E.M.F. of 



which is to be measured, is connected through a sensitive gal- 
vanometer G and a tapping key to one end of the bridge wire 
at B, and on the other to a sliding contact. The slider is moved 
along the wire until a position D is found at which, when con- 
tact is made, no current passes through the galvanometer. 
A standard Weston cell is then substituted for the cell E 
and the new balance point, D', determined as before. The 
E.M.F. of the cell is then given by E = l-0l83 X BD/BD', 
as the E.M.F. of the Weston cell at room temperature is 
I '0183 volts. It is best to arrange a switch so that alternate 
readings for the cell E and the standard cell can be made 
rapidly, thus avoiding errors due to changes in the E.M.F. 
of the accumulator during the measurements. As null in- 
strument, for showing that the point of balance has been 
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reached, by the fact that a current no longer passes when 
contact is made, a high resistance galvanometer or a capillary 
electrometer (p. 378) may he used ; the former'may be made 
the more sensitive, but the latter is in many respects very 
convenient 

The measurement of the E.M.F. of a cell on open circuit 
may also be made by means of the quadrant electrometer, the 
deflection of the needle being proportional to E, but this method 
is in some respects less advantageous than the compensation 
method. 

In general, the observed EMF. of a cell on closed circuit is 
less than that on open circuit ; this is due, as already indicated, 
to polarization effects and to the effect of the internal resistance 
of the cell. 

Standard ot Electromotive Force. The Cadmlmn Element— 
The importance of obtaining a cell, the E.M.F. of which is 
accurately known, has already been pointed out. The cadmium 
element, sometimes called the Weston element,^ which is most 
largely in use for this purpose, wiK now be described. 

The cell itself consists of an H>shaped glass vessel, the side 
tubes are closed at their lower ends, and platinum wires, sealed 
In the glass, pass through near the lowest points of the side 
tubes. In the bottom of one of the tubes is a layer of mercury 
about I cm. deep, above which is a paste (s mm ) of mercurous 
sulphate, which has been carefully freed from traces of mercuric 
salt. In the bottom of the other side tube is a layer of cad- 
mium amalgam (about 13 per cent, of cadmium quite free from 
zinc) above which is a paste (5 mm.) of cadmium sulphate, pre- 
pared by rubbing together in a mortar water and crystallized 
cadmium sulphate, and pounng off the clear saturated solution. 
The remainder of the cell on both sides, as well as the con- 
necting tube, contains a saturated solution of cadmium sulphate, 
in which are moderately large crystals of the solid salt, and 
both side tubes are hermetically closed at the top, a small 
air space being left to allow of expansion When required as 
a standard of E.M.F., connection is made by means of the 
platinum wires, which are in contact with the mercury and 
amalgam respectively. 

• The true Weston elemeat diflen slightly from that here des' 


358 OUTLINES OF PHYSICAL CHEMISTRY 


The great advantage of the cadmium element is that its 
E.M.F. is practically independent of temperature. The E.M.F. 
at temperatures from 0° to 30° is as follows : — 

0° 5° 10° 15® 20® 25® 30® 

1-0189 I'OiSp 1-0189 1-0188 1-0186 1-0184 i'0i8i volts, 


the mercury being positive. 

When in use the element should only be allowed to send a 
very small current for a very short time ; if this condition is 
not observed the E.M.F. soon alters owing to polarization. 

The mode of action of the element will be understood when 
the section on the calomel electrode has been read. 

The corresponding cell with zinc amalgam and zinc sulphate 
instead of cadmium amalgam and cadmium sulphate, was 
formerly in general use as a standard element under the name 
of the Clark cell. Its chief drawback is that the E.M.F. alters 
considerably with temperature. The E.M.F. of the Clark cell 
is given by the equation 

E = 1-4328 — 0-00119 (( — 15°) — 0-000007 — 15)®- 


Solution Pressure — In a former section it has been shown 
that the relation between chemical and electrical energy in a 
voltaic cell is given by the Helmholtz formula 




This formula has been deduced from considerations which are 
quite independent of any assumption as to the vicchanism of 
the establishment of differences of potential in a cell, and 
therefore holds quite independently of any theory as to the 
origin of differences of potential. A much deeper insight into 
this problem is gained on the basis of a theory due to Nernst, 
based on the theory of electrolytic dissociation, and this theory 
will now be considered. 

Every substance has a tendency to change from the form in 
which it actually exists to another form. Water, for example, 
has a tendency to pass into vapour, and if the vapour be con- 
tinually removed from its surface, a definite quantity of water 
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will change completely to vapour. The tendency in question 
is measured by the vapour pressure of the water, and is con- 
stant at constant temperature. Further, a solid, such as sugar, 
when brought in contact with water, tends to pass into solution, 
and from the analogy with water and water vapour we may say 
that sugar has a definite solution presswe^ which is constant at 
constant temperature, since the active mass of a solid, such as 
sugar, is constant (p. 184). On the other hand, the dissolved 
sugar has a tendency to separate in the solid form, which is the 
greater the higher the concentration, and when the solution is 
supersaturated the tendency to the separation of solid sugar is 
greater than the tendency of the latter to pass into solution. 
From the considerations advanced on p. 109, it is clear that 
the pressure of the sugar tn solution is its osmoitc pressure, and 
under definite conditions sugar will enter into or separate from 
solution according as its solution pressure is greater or less than 
its osmotic pressure. 

These considerations, in conjunction with the ionic theory, 
enable us to express the &M.F at a junction roetal/solution 
in terms of solution pressure and osmotic pressure If a metal 
is dipped into water it tends to dissolve, m consequence of its 
solution pressure, P, and as it can only do so in the ionic form, 
it sends a certain number of positive ions into solution. The 
solution thus becomes positively charged, and the metal, which 
was previously neutral, becomes negatively charged in conse- 
quence of the loss of positive ions. This process wili proceed 
until, by the accumulation of positive electricity in the solution, 
the latter becomes so strongly positive that it prevents the 
passage of more positive 10ns into solution. As the charge on 
the ions is so great, this process comes to a standstill when the 
amount of ions gone into solution is still excessively small, too 
small to be detected by analytical means. 

The state of affairs is rather different when a metal is dipped 
into a solution of one of its salts, eg., zinc in a solution of zinc 
sulphate. In this case there are already positive metallic 10ns 
in the solution, which tend to resist the entrance of further 
positive ions, and what actually occurs will clearly depend upon 
the relative values of the solution pressure, P, of the metal and the 
osmotic pressure, p, of the tons in solution. There are, in fact, 
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three possible cases, which are represented diagrammatically_ in 
the accompanying figure ; — 

{«) K P > p, the metal sends ions into the solution until the 
accumulated electrostatic charges prevent further action ; the 
metal is then negatively and the solution positively charged. 

{b) If P < p, the positive ions from the solution deposit on 
the metal until the electrostatic charges prevent further action ; 
the metal is then positively and the solution negatively charged. 

(c) If P = p, no change occurs, and there is no difference of 
potential between metal and solution. 



P».p. P.= P P-rfX 

Fio. 41, 


As will be shown later, the solution pressures of the different 
metals are very different. Those of the alkali metals, zinc, iron, 
etc., are so great that they always exceed the osmotic pressures 
of their respective solutions (which cannot be increased beyond 
a certain point owing to the limited solubility of the salts), and 
these metals are, therefore, always negatively charged with 
reference to their solutions. On the other hand, the solution 
pressure of mercury, silver, copper, etc., is so small that they 
become positively charged, even in very dilute solutions of theii 
respective salts. 

Calculation of Electromotive Forces at a Junction Metal/ 
Salt Solution — Provided that the changes at the junction of 
an electrode with a solution are reversible, the E.M.F. at the 
junction can readily be calculated in terms of the solution 
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pressure, P, of the metal and the osmotic pressure, p, of the 
solution This can perhaps be done most simply by ciculaling 
the maximum work obtainable when a mol of the electrode 
metal is brought from the pressure P to the lower pressure p, 
(l) osmotically, (2) electrically. If a mol of a dissolved sub- 
stance is brought reversibly from the pressure P to p the work 
gained (in this case the osmotic work) is [if. p. 139). 

AcRriog,?. 


Further, the dissolving of 1 equivalent of a metal is associated 
with 96,500 coulombs, and that of a mol of a metal of valency 
n with 96,500 n coulombs. The work done is the product of 
the E.MF. E in volts and the quantity of electricity, 96,500 n 
coulombs. Equating the osmotic and electrical work, we have 


Of 


n 96,500 E = RT log. P/p 
p RT . R 

96,50o» p 


(X) 


In order to obtain E in volts, R must be e.xpressed m electrical 
units (volt-coulombs). If, at the same time, the change is made 
to ordinary logarithms (by multiplying by 2*3026) the above 
equation becomes 


2-3026 X 1*99 X 4 -x 83 T , P 0 00019S3 T , P 
E =. log.. - = ;; log,. 


96,5oo« 


- The numerical values of 2*3026 RT/F at 0®, 18®, 25® and 30® 
are as follows : — 


Absolute temperature 273® 273+18® 273+25“ 273+30 
Value of 2*3026 RT/F 00541 00577 00591 00601 


At room temperature (15-20®) the value of the expression in 
question is about 0 058, and the general formula becomes 


E 


0058 




P 

P 


(2) 


which should be remembered. It is clear from the form of 
the above equation that a tenfold increase or decrease in the 



302 




'-Lsiora^-valentmetpT T “'^'^Jent metal 7 / 
a voltaie cell, ‘a '»mb Jd'” “S’ 

.''“Mt ManscTOM?’^'"’ ‘'“"a ;„ ma„y tS, K ^ 

'a Pig. 42, in n,in- J^ . Per the Daniell ceil' ” ac 

partition, A which ™ solutions are semr *. j ^^P^osent 

"■««); d.aceedt‘' “ 

-»a a” “"'’"“P’-'aS 


PaaS" A 'IjT^ a°'“«P-“re c“i'" ? "P-™ 

»“>«■■ hand, thecoS'.;!!''' '''aW etce'TST *»'“«»' 



oom. 
t-ecause of 


charges Tf 

'iMtfodes ij rr"’ ' 

by a w, a ?'»""=« 


. »-t/nneci 

char^r'"' "°ntra 

oHa ^ , neutralize e 
nt^er through th^ 

"nd in the .thJt ^ 


and in th! ^ 

metal r ^ ®°^ation m 
netal can then ' 

^°Jved and depo 

t»^- opposing for 
^nahzed, and so o 
nductor correspoi 

sSSirSSsifSS 

’‘r laaaUons cfe'«»na, Za/M 'a„'5"‘“« 'Pfeeace. 

<S now genera 


/,3 ,, then be 

■orresponding cbarees^'^^ anJ'oD ^®P°sited 

^^ntrahzatiof of SE/?, ^S-’-neutZzT^J 

^,^ntml/ r":ea1i: 



ELECTJJOilOTIVE FORCE ^ 363 

agreed, however, that if there are such differences they are 
exceedingly small in comparison with those of the junctions 
metal/salt solution. The difference of potential at the liquid 
jvnetion is of much more importance and can be calculated by 
Nernst’s theory (p. J8r}. It also Is small in comparison with 
those at the liquid/mctal junctions, and may therefore be left 
out of account for the present. 

The distribution of differences of potential in the Daniell cell 
with open eirewt is represented in Fig. 43 (a), the ordinates 
representing the potentials of the different parts of the circuit. 
The horizontal lines, AB, CD, DE, and FG, illustrate the very 
important /act that the copper, the zme, and the solutions are 



each of a definite constant potential, and the ordinates, BC and 
EF, that there arejwddrn alterations of potential at the junctions 
metal/solution. For simpiicity the solutions of zme sulphate 
and copper sulphate are represented as being at the same 
potential, which is only approximately true. It is assumed 
for the present that the difference of potential between copper 
and N copper sulphate solution is O'SSS volts, the copper being 
positive, and that the potential difference, Zn/nZnSO,, is 0-52 
volts, the metal being negative The total difference of potential 
between zinc and copper on open arcoit is thus 0-585 -f- 0 52 = 
r-ro5 volts. 

When the ciicuit is closed by connecting the copper and zinc 
by a wire of fairly high resistance, R, the distribution of potential 
m the cell is as shown in Fig 40 fW' The sudden change?,"^ 
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potential at tlic junctions ZnSOj/Zn and CuSO^/Cii arc of 
the same magnitude as before, but tlic diEcrenee of potential 
between the zinc and copper, measured by the vertical height, 
AG, is much less than on open circuit. This is owing to the 
fall of potential in the cell owing to the resistance of the elec- 
trolyte, so that the solution in contact with the zinc is at a 
higher potential than that in contact with the copper, as repre- 
sented by EDC. If C is the current passing through tlio cell, 
and r is the resistance of the electrolyte, the E.M.F. of the cell 
on closed circuit is given by E = CR -j- Cr, and CR, the fall of 
potential in the external wire (represented in the figure by the 
vertical distance AG), approaches the more nearly to the E.M.F. 
of the same cell on open circuit the greater R is compared with 
r (compare p. 355 ). 

The E.M.F. of such a combination as the Danicll cell is the 
algebraic sum of the E.M.F.’s at the two junctions, and is 
represented by the formula 


E 




Where Pj and Pj, arc the solution pressures of zinc and copper 
respectively, pi represents the osmotic pressure of the zinc ions 
in the solution, and pa that of the copper ions. The values of 
px and Pa arc therefore known, but the absolute values of the 
solution pressures Pj and Pj, arc unknown. The — sign of 
Ea is due to the fact that at that junction ions arc leaving the 
solution. 

In obtaining E ns the algebraic sum of the diEcrcnccs of 
potential Ej and En at the two junctions, it is naturally of the 
utmost importance to take the values of E^ and Ea with their 
proper sign. Perhaps the best method of avoiding errors in this 
connection is to consider ihc tendency of one kind of electricity, 
say positive electricity, to pass round the circuit. In going 
round the circuit in the Danicll cell, starting with the zinc, 
the dificrent junctions arc met with in the order 



i-ios 
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copper sulphate concentration. The general rule with regard 
to the influence of change of ionic concentration on the E.M.F. 
of a cell may be expressed as follows : Diminishing the con- 
centration of a sobition from lohich ions are separating lowers, 
and diminishing the concentration of a solution into which new 
ions are going increases, the E.M.F. of a cell. It is evident 
from general principles that the effect must be as described; 
in the first case, the tendency to the separation of ions is 
lessened, and the E.M.F. falls ; in the second case, the en- 
trance of new ions is facilitated, and the E.M.F. increases. 

If the concentration of the Cu- ions in the solution is pro- 
gressively diminished, a point must be reached at vvhich the 
solution pressure of the metal is just balanced by the osmotic 
pressure of the Cu-- ions. If the concentration is still further 
diminished, the tendency for copper to pass into solution will 
steadily increase, and ultimately may become greater than the 
tendency of zinc to pass into solution. It should therefore be 
theoretically possible to reverse the direction of the current in 
the Daniell cell by sufilciently diminishing the Cu- ion con- 
centration, and this state of affairs can be realized experi- 
mentally by adding potassium cyanide to the copper sulphate 
solution. 

A further important deduction can also be drawn from the 
general equation. As c^ and c^ stand for the concentration 
of the positive ions in the solution, the E.M.F. of the cell 
should be independent of the nature of the negative ion, pro- 
vided that the salts are equally ionized. This consequence of 
the theory is completely borne out by experiment. For twenty- 
one different thallium salts, in N/50 solution, the difference of 
potential between metal and solution varied only from 0-7040 
to 0-7055 volts, the slight variations being readily accounted 
for by differences in the degree of ionization. 

Concentration Cells — We have now to consider what are 
termed “ concentration cells,” cells in which the E.M.F. de- 
pends essentially on differences of concentration. In some 
respects, concentration cells are simpler than those of the 
Daniell type, which have so far been considered. ' 

Concentration cells may be divided into two main classes : — 
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(a) Those in which the soluiions (and therefore the active 
ions) are of different concentrations. 

(i) Those in which the tUctroit materials yielding ike ions 
are of different concentrations. 

(a) Concentration Celia with Solntions oi Different Concen- 
trations— As a type of the dements in question, we will con- 
sider a cell m which silver electrodes dip in solutions of silver 
nitrate of different concentrations, Cj and r,, The arrange- 
ment for the practical determination of the total E,M.F. of 
such a combination is shown in Fig 44, where A and B repre- 
sent the cells contaming the silver nitrate solutions and the 



vessel C contains an indiSerent elfctrojyte. As this form of 
cell is largely employed m mcasorctncnts of EM.F., it may be 
well to describe it fully. It consists of a glass tube 3-4 cm. 
wide, with a straight side-tub^ D, on one side and a bent side- 
tube, E, on the other, the latter being employed for making con- 
nection with the indifferent electrolyte in C as shown. Into the 
lower end of a glass tube, F, is cemented a thick rod of silver 
covered with the finely-divided metal by electrolysis, the 
glass tube is held by a cork closing the cell The cell is &Ied 
with a solution of silver nitrate of definite strength through the 
bent tube by suction through the stra^ht side-tube, D, which 
is then closed by a clip. The other " half-cell,” B, is pre 
in exactly the same way. but contains a solution ot sdver . ^ 
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of different concentration. The ends of the bent tubes are 
then dipped into an indifferent electrolyte in the vessel, C, as 
shown, and the total E.M.F. of the combination determined by 
the potentiometer method in the usual way, connection with 
the silver electrodes being made by wires passing down the 
interior of the glass tubes. In this case, the general equation 
for an electrolytic cell, 


simplifies to 


E = 


0-058 

n 

E = 




(I) 


since C, the solution pressure of the metal, is the same on both 
sides, and is therefore eliminated. A cell of the type 



works in such a way that silver is deposited from the more 
concentrated solution, in which the osmotic pressure is higher, 
and is dissolved at the pole in contact with the weaker solution, 
which offers less resistance to the entrance of Ag* ions. The 
change, therefore, proceeds in such a way that the differences 
of concentration tend to equalize, and when the solutions have 
reached the same concentration, the current stops. Positive 
electricity therefore passes in the ele^nent from the weak to the 
strong solution, as indicated by the arrow, and in.' e connecting 
wire from the strong to the weak solution ; the electrode in 
contact with the strong solution becomes positively charged, 
the other electrode negatively charged. 

The equation shows that the E.M.F. of such a concentra- 
tion cell depends only on the respective concentrations of the 
positive ions in the two solutions and their valency, and not on 
the nature of the electrodes or on the nature of the anions, and 
the experimental results are in full accord with this deduction. 
Otherwise expressed, the E.M.F. of any element made up of a 
univalent metal, M, dipping in solutions of one of its salts of 
different concentration is of the same absolute value as that of 
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the silver concentratloa cell, provided that the solutioas are 
of corresponding concentration, and ionized to the same extent. 
Further, if the solutions are dilute, and electrolytic dissociation 
therefore fairly complete, the ratio of the ionic concentrations in 
different dilutions will be approximately the same as the ratio of 
the concentrations themselves. Thus, in the example under 
consideration, the ratio rj/fj for i/lOO molar, and l/iooo molar 
solutions, will be approximately 10 ; i ; logjj Cj/fj is therefore I, 
and the value of E for the cell 

Ag 1 AgNOj I AgNOa 1 Ag 

\ »rt/iooo| m/ioo 1 

is o-058/n = 0-058 volts, since n, the valency of the ions con- 
cerned, is unity. 

If, however, the solutions are more concentrated, the fact 
that ionization is incomplete must be taken into account in 
calculating the E.M.F. of a celL Suppose, for instance, it is 
required to calculate the EM.F. of the cell 

Ag I AgNOa»«/lOO I AgNOaw/iO | Ag. 

N/io silver nitrate solution is ionized to the extent of 82 per 
cent, at 18®, whence ^, = 0082, and N/ioo silver nitrate to 
the extent of 94 per cent., whence Cj = 0-0094. We have 
therefore fa/cj = 0*082/0 0094 = 8-72, and £5=0054 volts, in 
excellent agreement with the experimental value. 

Strictly speaking, it is not justiSable in cells of this type to 
neglect the contact difference of potential between the two 
solutions, which may amount to a considerable fraction of the 
total E.M.F. The accurate formula for the calculation of the 
E.M.F. of cells of this type is given in a succeeding section (p. 
382). If, however, both solutions contain an indifferent electro- 
lyte in equivalent concentration great in comparison with those 
of the active salt, the difference of potential at the liquid 
junction becomes negligible, and the above formula (i) holds 
accurately (c/. p. 382). 

It is evident from the formula that the E.M.F. of a con- 
centration cell cannot be greatly altered by increasing the con- 
centration on one side, owing to the limited solubility of the 
salts used as electrolytes. On the other hand, the E M F. 

34 
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may be greatly altered by diminishing the ionic concentration 
on one side. Conversely, when a cell is made up with a solu- 
tion of silver nitrate of known Ag- ion concentration, c^, and 
one of unknown concentration, Cg, and the E.M.F. of the cell 
is measured, Cg can readily be calculated. This principle has 
been applied more particularly for the determination of very 
small ion concentrations, and may be illustrated by the deter- 
mination of the Ag‘ ion concentration in a saturated solution 
of silver iodide. When the concentration on one side is very 
small, it is usual to add some salt, with or without a common 
ion, to eliminate the potential difference at the liquid junction, 
and also to increase the conductivity in the cell, so as to render 
the measurements more accurate. In this case potassium 
nitrate may conveniently be used. The observed E.M.F. of 
the cell 

Ag I KNOa -p Agl | AgNOg o-ooim + KNO3 | Ag 
is 0-22 volts. Since = o-ooi, we have 

E = 0-22 = 0-058 logjo (O-OOl/Co), 

whence Cg — i-6 x io~®. In other words, a litre of a saturated 
solution of silver iodide contains i-6 X lO"® mol of silver 
iodide, in excellent agreement with the value, 1-5 x I 0 “® mol, 
obtained from conductivity measurements (p. 306). 

(b) Cells with Different Concentrations o£ the Electrode 
Materials (Substances Producing Ions)— Not only can concen- 
tration cells be obtained by employing different concentrations 
of an electrolyte, but also by using different concentrations 
of metals or other electrode materials yielding ions. The 
concentration of metals can for our present purpose be most 
satisfactorily varied by employing their solutions in mercury, 
the so-called amalgams. For example, a concentration cell can 
readily be built up as follows : — 

Zinc amalgam conc./zinc sulphate solution/zinc amalgam dilute 


which differs from the cells of the first type in that the osmotic 
pressure of the zinc ions in contact with the two poles is the 
same, but the concentration, and therefore the solution pressure 
of the metal on the two sides, is different. 
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The E.M.F. of a cell of this type is represented by the general 
formula (p. 361) 

Since the same solution (in this case zinc sulphate) is in contact 
with both electrodes, Pj = Pj, and the formula becomes 
^ 00001983 T, _ Pj 

^ logjo— . 

n P, 

On the assumption that Pj and P^, the solution pressure of the 
zinc in the concentrated and dilute amalgams respectively, are 
proportional to the respective concentrations, we obtain 

_ 0 0001983 T, C, 


which is exactly the same form of e<]uation as that for cells 
with different electrolyte concentrations 

As the solution pressure of the zinc is higher in the con- 
centrated amalgam, it passes into solution from the latter and 
is deposited in the less concentrated amalgam, so that the con- 
centrations tend to become equal It follows that positive 
electricity passes in the cell from the concentrated to the dilute 
amalgam, as shown by the arrow. 

As an illustration, the E.M F. of a cell for which Cj = 0‘I4 
mol and C, = O 002x4 mol of zinc per litre of amalgam at 23° 
may be calculated. If it be assumed that zinc is unimolecular 
when dissolved in mercury, n = 2, and 


^ 0 oooigSj X 296 , o 14 

E = ; log.. = 0 OS3 volts, 


in excellent agreement with the observed value, 0 052 volts. 

So far, the possible effect of mercury on the potential has 
been disregarded, and this is justified by the excellent agreement 
between observed and calculated values for the E.M F. on the 
assumption that mercury simply acts as an indifferent solvent. 
The explanation is that for a mixture of two metals it is the 
metal with the higher solution pressure that goes into solution. 
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may be greatly altered by diminishing the ionic concentration 
on one side. Conversely, when a cell is made up with a solu- 
tion of silver nitrate of known Ag- ion concentration, Cj, and 
one of unknown concentration, c^, and the E.M.F. of the cell 
is measured, €„ can readily be calculated. This principle has 
been applied more particularly for the determination of very 
small ion concentrations, and may be illustrated by the deter- 
mination of the Ag* ion concentration in a saturated solution 
of silver iodide. When the concentration on one side is very 
small, it is usual to add some salt, with or without a common 
ion, to eliminate the potential difference at the liquid junction, 
and also to increase the conductivity in the cell, so as to render 
the measurements more accurate. In this case potassium 
nitrate may conveniently be used. The observed E.M.F. of 
the cell 

Ag 1 KNO3 -f Agl I AgNOa O-OOini -f KNO3 | Ag 
is 0*22 volts. Since = o-ooi, we have 

E = 0-22 = 0-058 login (O-OOl/Co), 

whence <;„ = i-6 X lO"®. In other words, a litre of a saturated 
solution of silver iodide contains 1-6 X I0~® mol of silver 
iodide, in excellent agreement with the value, 1-5 X lO"® mol, 
obtained from conductivity measurements (p. 306). 

(t) Cells with Different Concentrations o£ the -Electrode 
Materials (Substances Producing Ions)— Not only can concen- 
tration cells be obtained by employing different concentrations 
of an electrolyte, but also by using different concentrations 
of metals or other electrode materials yielding ions. The 
concentration of metals can for our present purpose be most 
satisfactorily varied by employing their solutions in mercury, 
the so-called amalgams. For example, a concentration cell can 
readily be built up as follows ; — 

Zinc amalgam conc./zinc sulphate solution/zinc amalgam dilute 


which differs from the cells of the first type in that the osmotic 
pressure of the zinc ions in contact with the two poles is the 
same, but the concentration, and therefore the solution pressure 
of the metal on the two sides, is different. 
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The E.M.F. of a cell of this type is represented by the general 
formula (p. 3^0 

P.y 

ft \ Pt P\f 

Since the same solution (in this case zinc sulphate) is m contact 
with both electrodes, pj = P*, and the formula becomes 

rt r, 


On the assumption that Pj and the solution pressure of the 
zinc in the concentrated and dilute amalgams respectively, are 
proportional to the respective concentrations, we obtain 


E 


ooooi^St T , C, 

— ;; — 


which is exactly the same form of equation as that for cells 
with diflerefit electrolyte concentrations. 

As the solution pressure of the rinc is higher in the coo* 
centrated amalgam, it passes into solution from the latter and 
is deposited in the less concentrated amalgam, so that the con* 
centrations tend to become equal It follows that positive 
electricity passes «« (he cell from the concentrated to the dilute 
amalgam, as shown by the arrow. 

As an illustration, the EJLF. of a cell for which Cj ~ 0*14 
mol and C, = 0 00214 mol of zinc per litre of amalgam at 23* 
may be calculated. If it be assumed that zinc is unimoleculax 
when dissolved in mercury, « = 2, and 


0-0001983 X 296. 


in excellent agreement with the observed value, 0052 volts. 

So far, the possible effect of mercury on the potential has 
been disregarded, and this is justified by the excellent agreement 
between observed and calculated values for the E.M.F. on the 
assumption that mercury simply acts as an indifferent solvent. 
The e.xplanation is that for a mixture of tv/o metals it is the 
metal with the higher solution pressure that goes into solution 
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may be greatly altered by diminishing the ionic concentration 
on one side. Conversely, when a cell is made up with a solu- 
tion of silver nitrate of known Ag- ion concentration, Cj, and 
one of unknown concentration, fo. and the E.M.F. of the cell 
is measured, Co can readily be calculated. This principle has 
been applied more particularly for the determination of very 
small ion concentrations, and may be illustrated by the deter- 
mination of the Ag- ion concentration in a saturated solution 
of silver iodide. When the concentration on one side is very 
small, it is usual to add some salt, with or without a common 
ion, to eliminate the potential difference at the liquid junction, 
and also to increase the conductivity in the cell, so as to render 
the measurements more accurate. In this case potassium 
nitrate may conveniently be used. The observed E.M.F, of 
the cell 

Ag I KNO3 + Agl I AgNOa o-oom + KNO3 ] Ag 
is 0-22 volts. Since Cj = o-ooi, we have 

E = 0-22 = 0-05S login (o-ooi/co), 

whence = 1-6 X 10“®. In other words, a litre of a saturated 
solution of silver iodide contains 1-6 X 10~® mol of silver 
iodide, in excellent agreement with the value, 1-5 x lO"® mol, 
obtained from conductivity measurements (p. 306). 

(i) Cells with Different Concentrations of the Electrode 
Materials (Substances Producing Ions) — Not only can concen- 
tration cells be obtained by employing different concentrations 
of an electrolyte, but also by using different concentrations 
of metals or other electrode materials yielding ions. The 
concentration of metals can for our present purpose be most 
satisfactorily varied by employing their solutions in mercury, 
the so-called amalgams. For example, a concentration cell can 
readily be built up as follows : — 

Zinc amalgam conc./zinc sulphate solution/zinc amalgam dilute 


which differs from the cells of the first type in that the osmotic 
pressure of the zinc ions in contact with the two poles is the 
same, but the concentration, and therefore the solution pressure 
of the metal on the two sides, is different. 
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The E M.F. of a cell of this type is represented by the general 
formula (p. 361) 

Since the same solution (in this case zinc sulphate) is in contact 
with both electrodes, Pj = and the formula becomes 

^ ooooi983T.._ Pi 
E = iogio p • 

On the assumption that P) and Pj, the solution pressure of the 
zinc in the concentrated and dilute amalgams respectively, are 
proportional to the respective concentrations, we obtain 

_ o 0001983 T , C, 


which is exactly the same form of equation as that for cells 
with different electrolyte concentrations. 

As the solution pressure of the zinc is higher in the eon* 
centrated amalgam, it passes into solution from the latter and 
is deposited in the less concentrated amalgam, so that the con* 
centrations tend to become equal. It follows that positive 
electricity passes in the cell from the concentrated to the dilute 
amalgam, as shown by the arrow. 

As an illustration, the E.M.F. of a cel! for which Cj = 0*14 
mol and Cj = O-O0214 mol of zinc per litre of amalgam at 23° 
may be calculated. If it be assumed that zinc is unimoleculai 
when dissolved in mercury, n = 2, and 


_ 00001983x296, 0-14 , 

E Z- log,- — = o 053 volts, 

2 ®”0002I4 ’ 


in excellent agreement with the observed value, o 052 volts. 

So far, the possible effect of mercury on the potential has 
been disregarded, and this is justified by the excellent agreement 
between observed and calculated values for the E.M.F. on the 
assumption that mercury simply acts as an indifferent solvent. 
The explanation is that for a mixture of two metals it is the 
metal with the higher solution pressure that goes into solution, 
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and mercury can consequently be used as solvent in potential 
measurements for any metal which is “ less noble," i.e., which 
has a higher solution pressure than mercury itself. 

As indicated above, the E.M.F. of a metal dissolved in mer- 
cury depends on the concentration. The difference of potential 
between a saturated solution of a metal in mercury and an 
aqueous solution of one of its salts is the same as that between 
the salt solution and the pure metal, and even for dilute amal- 
gams the E.M.F. is not very different from that of the pure 
metal, as the example shows. On the other hand, the potential 
of a metal in chemical combination with a more noble metal 
may be quite different from that of the pure' metal. 

The energy relations in concentration cells in which very 
dilute solutions are employed are remarkable. In the silver 
nitrate concentration cell described above, the change con- 
sisted simply in bringing Ag ions from the pressure Pj to 
the lower pressure p^. When a perfect gas expands from the 
pressure Pj to p^, no internal work is done, and this is the 
more nearly the case for ordinary gases the lower the pressures. 
In an exactly corresponding way no internal work will be done 
when a salt is further diluted in sufficiently dilute solution ; in 
other words, the heat of dilution will be zero. This means 
that the change of chemical energy (Q in the Helmholtz 
formula), also termed the heat of reaction, is zero, so that the 
electrical energy obtained from a concentration cell with, suffi- 
ciently dilute solutions does not come from a chemical change 
at all, but entirely from the surroundings. Under these circum- 
stances, as Q is zero, the Helmholtz formula simplifies to 

E = T— . 
rfT 

Electrodes of the First and Second Kind. The Calomel 
Electrode — So far only electrodes which are reversible with 
regard to the positive ion have been considered ; these are 
termed electrodes of the first kind. In an exactly similar way it 
is possible to construct electrodes which are reversible with 
regard to the negative ion — these are termed electrodes of the 
second kind. They are prepared by immersing a metal in a 
saturated solution of one of its difficultly soluble salts, which 
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solution also contains a salt with the same anion as the in- 
soluble salt. The E.M.F. of the electrode depends only on 
the concentration of the anion, since the concentration of all 
the other substances is constant. The most important elec- 
trode of this type is the calomel electrode, which consists of 
mercury in contact with solid mercurous chloride and a saturated 
solution of the latter salt in potassium chloride solution as 
electrolyte. The calomel electrode is reversible with regard 
to Cr ions, just as the 
Cu/CuSOj electrode is 
reversible with regard 
to Cu" ions. If positive 
electricity passes from 
metal to solution, the 
mercury combines with 
Cl' ions and calomel 
is formed ; ,if passed 
in the reverse direction 
chlorine goes into solu- 
tion and solid calomel 
disappears. The elec- 
trode, therefore, acts 
like a plate of solid 
chlorine, which gives up 
or absorbs the element 
depending on the direc- 
tion of the current. 

As the tendency of 
Cl' ions to enter or leave Fio. 45. 

the solution depends on 

the concentration of Cl' ions already present, the difference of 
potential between mercury and the solution must depend on the 
concentration of the potassium chloride solution used, as already 
pointed out. A normal solution is mostly largely employed. 

The calomel electrode is largely used as a normal electrode 
by means of which the E.MF.’s of other electrodes may be 
compared; its chief advant^e for this purpose is that it can 
readily be reproduced with an accuracy of about i millivolt 
A convenient form of the electrode is shown in Fig. 45 A vessel 
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of the type already described in connection with concentration 
cells (p. 367) may conveniently be used. A layer of dry mercury 
is first placed in the bottom of the vessel, then a paste made by 
rubbing in a mortar mercury and calomel with some of the 
potassium chloride solution, and the vessel is then filled up with 
n-potassium chloride solution which has previously been 
saturated with calomel by shaking with excess of the latter. 
Connection with the mercury may conveniently be made by 
means of a platinum wire scaled at the bottom into a glass 
tube, A, the latter passing up through the rubber stopper closing 
the vessel. In making measurements, the bent side-tube, C, 
must also be filled with the potassium chloride solution. This 
is done by suction at the straight side-tube, B, which is then 
closed by a clip. 

For measuring the potential of another electrode by means 
of the calomel electrode, the arrangement already shown in 
Fig. 44 is used. 

Neglecting for the present the differences of potential at the 
liquid junctions, the E.M.F. of the combination in question is 
the algebraic sum of the differences of potential at the two 
mctal/solution junctions. It follows that if the single potential 
difference between mercury and solution is known, the single 
potential difference at tlic other electrode can readily be cal- 
culated. Unfortunately no single potential difference is known 
with certainty (see next section), and it is, therefore, necessary to 
refer them to an arbitrary standard. Two such standards are 
in general use, [a) the so-called " absolute " standard ; {b) the 
hydrogen standard. As regards the first standard, Ostwald 
assumes that the potential difference between mercury and the 
solution in the normal calomel electrode is 0-560 volts at 18°, 
the mercury being positive, and differences of potential referred 
to this standard are termed " absolute potentials," Cc (see next 
section). On the other hand, Nernst refers E.M.F.s to the 
hydrogen standard, ca, the difference of potential between a 
platinum electrode saturated with hydrogen and a solution of 
an acid normal with regard to H- ions being put equal to zero. 
The " absolute " potentials, referred to the calomel electrode, 
have a theoretical basis, and there is reason to suppose that 
the real, but at present unknown, single potential differences 
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are not very different from the ** absolute ” potentials. Inde- 
pendently of this, however, the use of the calomel electrode in 
actual measurements is justified by the fact that it can be re- 
produced with a high degree of accuracy. The use of the 
hydrogen electrode as standard Is purely arbitrary, as it is not 
pretended that the difference of potential between electrode 
and solution is actually zero, but the reference of potential 
differences to this standard has certain advantages. It is, in 
fact, usual to make the actual measurements with the calomel 
electrode, and then to refer them to the hydrogen standard, 
on the basis that when the hydrogen electrode is taken as zero 
the E.M.F. of the normal calomel electrode is +0*283 volts; 
that of the electrode with N/ioKCl + 0 336 volts, at 18®. 

In order to illustrate the use of the calomel electrode for 
potential measurements, the separate determination of the dif- 
ferences of potential metal/solution for the two parts of the 
Daniell cell will be considered. When the zinc electrode is 
combined with the' calomel electrode, as shown in Fig. 44, to 
form the cell 

Zn I n-ZnSO* I KCI 1 HgjCl, m I Hg 
( I (in vessel C) 1 nKC! | 


0*52 0-560 


I *080 

the E.hI.F. of the combination, as shown by potentiometer 
measurements, is I*o8o volts, the zinc being negative with 
regard to mercury, so that positive electricity flows in the cell 
from zinc to mercury, as indicated by the lower arrow In 
order to obtain the potential difference Zn/ZnS04, we proceed 
as follows (p. 364) : It is known that mercury in contact with 
a solution of calomel becomes positively charged, and that for 
the calomel electrode the tendency for positive electricity to 
pass across the junction towards the mercury is 0-560 volts. 
The tendency for positive electricity to pass round the circuit is 
equivalent to 1-080 volts, hence the E.M F. at the Zn/ZnSO, 
junction must act in the direction shown by the upper left-hand 
arrow, and is i-o8o — o 560 0-52 volts, In other words, the 
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E.M.F. nt Ihc junction Zn/ZnSOj is 0-520 volts, the zinc being 
negatively charged. 

Similarly, the observed E.M.F. of the cell 

Cu I Ji-CuSO., 1 KCl 1 HgjCla in ii-KCl | Hg 

>• 

0-585 0-560 


0-025 

is 0-025 volts, the copper being positive with regard to mercury, 
hence positive electricity flows from mercury to copper in the 
cell, as indicated by the lower arrow. As far as the calomel 
junction is concerned, the tendency for positive electricity to 
flow round the circuit is equivalent to 0-560 volts towards the 
right, as indicated by the arrow. Hence in order tiiat for the 
whole cell the tendency of positive electricity may be to flow 
towards the left at a potential of 0-025 volts the E.M.F. at the 
Cu/CuSO^ junction must act in the opposite direction to that 
at the calomel junction and exceed it by 0-025 volts. The 
E.M.F, at the junction Cu/CuSO^ is therefore 0-585 volts and 
positive cicclricity flows from solution to copper, as indicated 
by the arrow. 

The total E.M.F. of the cell Zn/ZiiSO^/CuSOj/Cu is, there- 
fore, — 0-520 -p (— 0-585) = — 1-105 volts, which agrees with 
the value obtained by direct measurement (p. 350). It is 
evident from the above that although the single potential 
diflercnccs at the junctions depend upon the value of the poten- 
tial assumed for the standard, the E.M.F. of the complete cell 
docs not depend upon the E.M.F. of the standard, which is 
eliminated. 

If referred to the hydrogen electrode as standard, the poten- 
tial difference Zn/ji-ZnSO^ is — 0-520 -j- (— 0-283) = ~ 
volts, and that for Cu/»-CuSOi is -}- 0-585 + ( — 0-283) 

— 0-302 volts, the E.M.F. of the Daniell cell being as before 

— {— 0-S03) -f (— 0-302) = — I'los volts. 

As reference electrodes for alkaline solutions, tlie mercuric ox- 
ide electrodes Hg/HgO in n.NaOH and Hg/HgO in «/ioNaOH 
arc most convenient. The same kind of vessel may be used 
as for tlvc calomel electrode. The potentials, which become 
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constant after 2-3 days, are for the normal electrode E^ = + 
0*114 volt and for the N/lO electrode 0*169 volt at 18“- 

As reference electrode for acid solutions the hydrogen 
electrode (p. 374) or the mercurous sulphate electrode 
HgfHgtSO* in n.Hj^O^ may be used. For the latter = + 
0 689 volt at 18®. 

Ringla Potential Differences. The Capillary Electrometer — 
When mercury and sulphuric acid are in contact in a capillary 
tube, and the arrangement is connected with a source of E M.F, 
in such a way that the mercury is in contact with the negative 
pole and the acid with the positive pole, the area of the surface 
of separation between acid and mercury tends to diminish. 
The following out of this observation of Lippman’s has led 
to an approximate estimate of the absolute differences of 
potential at metal/solutlon junctions. 

When mercury and sulphuric acid have been in contact for 
some time, it is probable that there is a constant difference of 
potential between them, brought about in a rather complicated 
way. We have already learnt that well-defined differences of 
potential are established when a metal is in contact with a 
solution of one of its salts of definite concentrauon, and that 
is probably the state of affairs in the present case. We may 
suppose that some of the mercury dissolves in the sulphuric 
acid to form mercurous sulphate, and that the solution im- 
mediately in contact with the mercury is saturated with regard 
to the salt. As, however, the osmotic pressure of solutions of 
mercury salts is in general greater tlian the solution pressure 
of mercury, Hgj- ions deposit on the mercury and the latter 
becomes positively charged with regard to the solution. The 
two kinds of electricity attract each other, and we will assume 
with Helmholtz that the effect of this attraction is that there is 
a layer of positive electricity near the surface of the mercury 
holding a corresponding layer of negative electricity near the 
surface of the acid {'^ Helmholtx double layer “) [cf. Fig. 42). 

Now there will be a certain surface-tension at the junction 
mercury/solution in the capillary tube, and, as is well known, 
the effect of surface tension is to make the areas of the surfaces 
in contact as small as possible. This tendency will, however 
be counteracted by the electric layers; the positive charges 
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will repel each other and tend tO' enlarge the surface, and 
the same is true of the negative charges. The effect of the 
difference of potential is, therefore, to diminish the surface 
tension. The fact that a contrary E.M.F. applied to the 
junction tends to diminish the surface of separation between 
acid and mercury will now be readily understood. The con- 
trary E.M.F. diminishes the difference of potential between 
acid and mercury, part of the force diminishing the surface 
tension is removed, and the latter attains more nearly its true 
value when undisturbed by electrical forces. When the con- 
trary E.M.F. is gradually increased, the surface tension increases 
at first, attains a maximum value, beyond which it gradually 
diminishes. It is plausible to suppose that the surface tension 
increases as the difference of potential between mercury and 
acid gets smaller and smaller, that it attains its maximum value 
when the contact E.M.F. at the junction is just neutralized by 
the contrary E.M.F., and that it again diminishes as the latter 
is further increased and the surfaces become charged with 
electricity of opposite sign to the original charges. This at 
once gives us a method of determining single differences of 
potential. It is only necessary to note when the surface tension 
attains its maximum value ; under these circumstances the 
applied E.M.F. is clearly equal to the single difference of 
potential at the junction mercury/solution and the problem 
as to the value of a single potential difference is solved. In 
this way Ostwald estimated the E.M.F. of the normal calomel 
electrode at 0-560 volts. 

Unfortunately the matter is not quite so simple as the above 
considerations would lead us to suppose, and it is fairly certain 
that the absolute potentials arrived at in this way may differ 
to some extent from the true values. It has already been pointed 
out that two standards are in use, and that the use of the 
calomel electrode for measuring differences of potential has 
certain practical advantages. 

Before considering another method which has been suggested 
for measuring single differences of potential, it should be 
mentioned that the phenomena just described have been 
utilized in the construction of an electrometer — the so-called 
capillary eleclromeier — 'f.'hich, as already mentioned (p. 357), 
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can be used as a null instniment in E,M.F. measurements by 
the compensation method. A convenient form of the capillary 
electrometer is represented in Fig. 46. A tube, C, 4-5 mm. 
internal diameter and a bulb-tube. A, are connected by a 
vertical capillary tube, B, 0-5 mm. internal diameter. So 
much mercury is poured into C that it stands at a convenient 
height in the capillary tube. A quantity of mercury is also 
placed in A, and the latter and the capillary are then filled up 
with dilute sulphuric acid. As indicated 
in the figure the two quantities of mercury 
can be connected with the positive and 
negative poles of a source of E.M F. when 
required. 

The wire, D, connected with the mer- 
cury in the bulb-tube is sealed m a glass 
tube so as not to come m contact with 
the sulphuric acid When the apparatus 
is so arranged that the mercury and acid 
are in equilibrium at a point in the capil- 
lary tube and the two quantities of mer- 
cury are then connected with a source of 
EM.F. the potential at the junction m 
the capillary tube will alter owing to 
alteration in the concentration of mer- 
curous salt produced by the current. 

The surface tension between aad and 
mercury must therefore also change 
(p- 377) and also the position of the 
junction in the capillary, since the position of the meniscus 
depends to some extent on the surface tension between mercury 
and acid. 

The use of the apparatus as an electrometer will now be 
evident. It is best so to arrange matters that the mercury at the 
narrow surface is connected with the negative pole of the external 
source of E.M.F. through a tapping key, and the jnnc^on is 
observed through a small microscope. If an Mternal E. - is 
applied, the surface wiU move 'when Iht kty ^ mcmeata^y 
depressed, and for small differences of potential (up 0 

volt) the movement of the meniscus is proportional to theappl* 
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will repel each other and tend to enlarge the surface, and 
the same is true of the negative charges. The effect of the 
difference of potential is, therefore, to diminish the surface 
tension. The fact that a contrary E.M.F. applied to the 
junction tends to diminish the surface of separation between 
acid and mercury will now be readily understood. The con- 
trary E.M.F. diminishes the difference of potential between 
acid and mercury, part of the force diminishing the surface 
tension is removed, and the latter attains more nearly its true 
value when undisturbed by electrical forces. When the con- 
trary E.M.F. is gradually increased, the surface tension increases 
at first, attains a maximum value, beyond which it gradually 
diminishes. It is plausible to suppose that the surface tension 
increases as the difference of potential between mercury and 
acid gets smaller and smaller, that it attains its maximum value 
when the contact E.M.F. at the junction is just neutralized by 
the contrary E.M.F., and that it again diminishes as the latter 
is further increased and the surfaces become charged with 
electricity of opposite sign to the original charges. This at 
once gives us a method of determining single differences of 
potential. It is only necessary to note when the surface tension 
attains its maximum value; under these circumstances the 
applied E.M.F. is clearly equal to the single difference of 
potential at the junction mercury Isolation and the problem 
as to the value of a single potential difference is solved. In 
this way Ostwald estimated the E.M.F. of the normal calomel 
electrode at 0-560 volts. 

Unfortunately the matter is not quite so simple as the above 
considerations would lead us to suppose, and it is fairly certain 
that the absolute potentials arrived at in this way may differ 
to some extent from the true values. It has already been pointed 
out that two standards are in use, and that the use of the 
calomel electrode for measuring differences of potential has 
certain practical advantages. 

Before considering another method which has been suggested 
for measuring single differences of potential, it should be 
mentioned that the phenomena just described have been 
utilized in the construction of an electrometer — the so-called 
capillary eleclromeier—v,’b\cb, as already mentioned {p. 357 ), 
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caa be used as a null instrument in E.M.F. measurements by 
the compensation method. A convenient form of the capillary 
electrometer is represented in Fig. 46. A tube, C, 4-5 mm. 
internal diameter and a bulb-tube, A, are connected by a 
vertical capillary tube, B, 0*5 mm. internal diameter. So 
much mercury is poured into C that it stands at a convenient 
height in the capillary tube. A quantity of mercury is also 
placed in A, and the latter and the capillary are then filled up 
with dilute sulphuric acid As indicated 
in the figure the two quantities of mercury dJ 
can be connected with the positive and • h 

negative poles of a source of E.M F. when [ 

required. j 

The wire, D, connected with the mer- I 

cury in the bulb-tube is sealed in a glass | 

tube so as not to come to contact with || I l||j ? 

the sulphuric add. ^Vhen the apparatus | i 

is so arranged that the mercury and acid I 11 | 

are in equilibrium at a point m the capil- I I ° 3 C 

lary tube and the tv,-o quantities of mer- I g 

cury are then connected with a source of I I ^ 
E.M.F. the potential at the junction In 11 g 

the capillary tube will alter owing to ^ I ] 
alteration in the concentration of mer- ^\\ \ 
curous salt produced by the current, f 
The surface tension between acid and 
mercury must therefore ako change Pip 

(p- 377) ond also the position of the 
junction in the capillary, since the position of the meniscus 
depends to some extent on the surface tension between mercury 
and acid. 


The use 'of the apparatus as an electrometer will now be 
evident It is best so to arrange matters that the mercury at the 
narrow surface is connected with the negative pole of the external 
source of E^M.F. through a tapping key, and the junction is 
observed through a small microscope. If an external E.M.F. is 
applied, the surface will move when the key is momentarily 
depressed, and for small differences of potential (up to ooi 
volt) the movement of the meniscus is proportional to the applied 
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Js.M.l''., no that tlic name electrometer is jiisUficd. Wlicn the 
api^lietl IC.M.F. in ’/-cro, no movement: of the meniscus occurs on 
makini; contact, and llic clcclromelcr may therefore be used as 
a mdl inntrviment. When not use, the. electrometer should 
be connected up with a cell of not cjccccdlng t volt. 

An alternative very instructive method of dctcrminini>: .single 
potential ditTcrenecs, the theory of which is duo mainly to 
Nernnt and the i)ractical realization to I’ahnacr, will now be tie- 
scribed. When mercury in a fine stream is allowed to How into 
an electrolyte containini’; a definite concentration of mercurous 
salt (e./p, mercurotis chloritle), Hgg- ions from the solution 
dr[)()sit on the tirops as llicy enter (tl)c osmotic prcs.sm'c of 
Mn.y ions in the solnlion being greater than the solution pres- 
sure of the meretiry), the tirops tlius l)ccome positively charged, 
nnd further hccomo. surrounded with a layer of tlie liberated 
Cl' ions. When the dro[>n reach the bottom of the vessel 
eontaining the electrolyte, the positive ions arc given up and 
rcuiute with the Cl' ions to form more, calomel. The net rc.sult 
of ihi.'i proce.ss is lliat the solution gets poorer in calomel where 
I lie drops enter, and richer wlierc they unite with the mercury. 
A concent ration cell is thus formed, and it is evident that 
positive, eleclricily must flow from the weak to the strong 
solution, that is, from top to bottom of the vessel, a deduction 
whieli is bortic out by exi)criment. 

Now it must I)c possililc to reduce tlic concentration of Hgu" 
ions (o sucli a iioiul that the osmotic prcssvirc of the Ilgr,- 
ions is just equal to the solution pressure of the mercury; there 
is tlicn no deposition of Mga” ions on tlic entering drops, nnd no 
current Hows. Coiivasrly, trhoi no curvent resttUs tahon mci'cury 
is dropped into on fledrolyte. roM/own'ng //go” joh.v, the difference 
of potentiol hetween vtereury and flic solution must be aero. If 
the ]Iga“ ion conceiilr.alion is still further reduced, tlic solution 
pre.nsurc of the mercury is greater than its osmotic pressure 
in the solution, and tlie current flows in the opposite direction. 

The llga” ion concentration was reduced by adding potassium 
eyanidc till the point of no current and therefore zero dKTcrctice 
of potential was reached. Tlic solution in equilibrium with 
mercury under these conditions may be termed the null solu- 
tion. If then a cell is built up of the type 
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Hg I null solution [ solution of salt of metal M | M 
0 . ft 

the difference of potential between metal and solution, can 
be determined directly if the E.M F. ej at the junction of the 
solution is known or can be made negligible. 

In this way Palmaer has found that the E.M F. at the junction 
Hg/n/loKCl saturated with HgjClj is 0-573 volts at 16®, cor- 
responding with about — 0-520 volts for n/iKCl, as compared 
with Ostwald’s value of 0-560 volts. 

Some writers consider that the problem of the determination 
of single potential differences is thus finally settled, but Palmaer 
himself does not consider that all the difficulties of the measure- 
ments have been overcome, so that the above results should 
only be taken as provisional * 

Potential Differences at Junction ol T^o Liquids— Up to 
the present, we have left out of account the possible dif- 
ferences of potential at the junction of two solutions. When 
the E.M.F. of a cell is considerable, the error thus arising is 
only slight, but if the E M F is small, as for many concentra- 
tion cells, ^e potential difference at the liquid contact becomes 
of importance. 

It has been shown by Nernst that in many cases these dif- 
ferences of potential can be calculated according to his theory 
of electromotive force, and the results obtained in this way 
have been fully confirmed by experiment. The calculation 
is effected most readily for solutions of the same electrolyte 
in different concentrations, for example, solutions of hydro- 
chloric acid. When the solutions are brought in contact the 
acid will tend to diffuse from the more concentrated to the more 
dilute solution. As, however, the acid is highly ionized, the 
H- and Cl' ions will diffuse independently, and, as the former 
move the more rapidly, the dilute solution will soon contain an 
excess of H- ions and the strong solution an excess of Cl' ions 
Owing to the electric charges conveyed by the moving ions, 
the dilute solution will become positively charged, and the 
strong solution negatively charged However, the excess of 
positive electricity in the dilute solution will retard the entrance 

*C/. Palmaer, ZrrlseA.piyttial.CAem , 1907, 59, 129 
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of H- ions and accelerate the Cl' ions, so that in a short time 
the ions will be moving at the same rate. The difference of 
potential thus produced will persist until both solutions attain 
the same concentration. The above considerations show that 
t]ie contact difference of potential between two solutions is due to 
the different migration velocities of the tivo ions, and the dilute 
solution takes the potential corresponding with that of the more 
rapid ion. The contact difference of potential between dif- 
ferent solutions of the same salt will be the smaller the more 
nearly the speed of the two ions agrees, and -this explains why 
solutions of potassium chloride and of ammonium nitrate are 
used as connecting solutions in potential measurements (com- 
pare p. 369). 

It can easily be shown that the potential difference, E, be- 
tween two solutions of a binary electrolyte with univalent 
ions (for example, hydrochloric acid) is represented by the 


formula 


ti~v 2-3026 RT 
M -H 1/ F 


log 



where Cj and c^ represent the ionic concentrations of the two 
solutions, and 11 and v the migration velocities of the anion 
and cation respectively. From the above equation it can be 
calculated that the contact E.M.F. between N/io and N/ioo 
hydrochloric acid is 0-036 volt, a result which is fully confirmed 
by experiment. 

From the above result, tlie value of E may be calculated for 
the cell 

Ag I AgNOgu/io ( AgNOjM/ioo | Ag 

when the contact difference of potential between the two 
solutions is not practically eliminated by the use of potassium 
nitrate. Taking the junctions in order, we have 


E » ,0,.. I; + 1 ; - RT , 08 .. g 


jtI:!,* 2 X 0-058 logi^l 


for room temperature. 
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For silver nitrate *= 0-522 (p. 255), = 0-082, e, = 0-0094. 
Hence 

E « 0-522 X 3 X 0-058 X 0-945 =* o 057 volts, 

in excellent agreement with the value found experimentally 
0-055 ''olts, ' 

Gas Cells — So far we have dealt only with solid substances 
and amalgams as electrode materials, but it is interesting to 
note that gases may be used in the same way. This is made 
possible by using raetalhc eJectrodes, usualiy ofpJatjflum coated 
with the finely-divided metal, as absorbents for the gases. The 
prepared platinum electrode is partially immersed in a solution 
of an electrolyte containing ions denved from the gas, and the 
gas is bubbled through till the potential difference between 
electrode and solution becomes constant. 

As an example of a gas electrode, the hydrogen electrode 
already referred to, will be described The fomi of cell repre- 
sented ifl Fig. 44 tnay be used; it is half-filled with normal 
acid, the platinum pole, held by a well-fittmg cork, is partially 
immersed in the acid, and hydrogen gas is passed in by the 
bent side-tube and allowed to bubble through the acid for ten 
or fifteen minutes till the electrode is saturated. The straight 
side-tube, which has been open, is now closed by a clip, and 
the electrode is ready for use. The platinum pole itself usually 
consists of a piece of platinum foil joined by hammering to a 
platinum wire, the latter being sealed into the bottom of the 
glass tube carried by the cork closing the cell. Electrical con- 
nection may be made by a copper wire passing down through 
the glass tube and dipping into a little mercury at the bottom,, 
the mercury being also in contact with the upper part of the 
platinum wire which projects into the interior of the glass tube. 

The electrode is completely reversible and behaves like a 
plate of metallic hydrogen. When positive electricity passes 
from solution to metai, hydrogen ions are discharged accord- 
ing to the equation 2H' H,; when it goes in the contrary 

direction gaseous hydrogen becomes ionized according to the 
converse equation, Hj 2H*. 

A hydrogen concentration cell is obtained 
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of H- ions and accelerate the Cl' ions, so that in a short time 
the ions -will be moving at the same rate. The difference of 
potential thus produced will persist until both solutions attain 
the same concentration. The above considerations show that 
the contact difference of potential between two sohitiofis is due to 
the different migration velocities of the two ions, and the dilute 
solution takes the potential corresponding with that of the more 
rapid ion. The contact difference of potential between dif- 
ferent solutions of the same salt will be the smaller the more 
nearly the speed of the two ions agrees, and -this explains why 
solutions of potassium chloride and of ammonium nitrate are 
used as connecting solutions in potential measurements (com- 
pare p. 369). 

It can easily be shown that the potential difference, E, be- 
tween two solutions of a binary electrolyte with univalent 
ions (for example, hydrochloric acid) is represented by the 


formula 


u — V 2*3026 RT 
M + y F 



where c^ and c^ represent the ionic concentrations of the two 
solutions, and u and v the migration velocities of the anion 
and cation respectively. From the above equation it can be 
calculated that the contact E.M.F. between N/lo and N/ioo 
hydrochloric acid is 0*036 volt, a result which is fully confirmed 
by experiment. 

From the above result, the value of E may be calculated for 
the cell 

Ag I AgNOgn/io 1 AgNOgn/ioo | Ag 

when the contact difference of potential between the two 
solutions is not practically eliminated by the use of potassium 
nitrate. Taking the junctions in order, we have 


2*3026 


["'T RT ,og„S] 

2*3026r« — w C^ W -1- O C-.1 

logio - - ^^RT logio J 


u + » 


2 X 0*058 log 



for room temperature. 
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cJectrodcs, containing the gas at different pressures, are com- 
bined in the usual way. Such cells correspond exactly with 
those made up with amalgams of different concentrations. 
The direction of the current is such that the pressures on the 
two sides tend to become equal, so that hydrogen becomes 
ionized at the high pressure side and is discharged as gas at 
the low pressure side. 

In calculating the E.M.F.s of such cells by the general 
formula (p. 371) it has to be remembered that, since the hydro- 
gen molecule contains two atoms, the work gained in bringing 
a mol of the gas reversibly from the pressure to the lower 
pressure Pg is RT logg Pi/Pa, whilst if the same change is 
carried out electrically, H^ -j- 2F — > 2H*, the energy concerned 
is 2FE coulombs. Hence, since 2FE = RT loga P1/P2 
E.M.F. of the cell is 


E = 



Pi 

Ps’ 


The same formula applies to gas cells in which chlorine and 
other diatomic gases are used (see also p. 394). On the other 
hand, since 4F coulombs are associated with the solution of 
I mol of oxygen (Oj + zHgO — 4F ^ 4OH') the E.M.F. of an 
oxygen concentration cell is 


E== 



Another type of hydrogen concentration cell is obtained 
when the gas concentration in the electrodes is constant and 
the H' concentration in contact with the two electrodes is 
different. An interesting cell of this type is built up as 
follows : — 


HolPt) I N/io alkali j N/10 acid j H2(Pt) 

Since the equilibrium H + OH' ^ HjO always holds, there 
must be a minute concentration of H* even in alkaline solution 
and therefore the above represents a hydrogen concentration 
,cell. From the E.M.F. of the above cell which, after applying 
a correction for the contact difference of potential, amounts 
to O'Cqsi volt at iS”, the nroduct of the ionic concentration 


ELECTROMOTIVE FORCE 


38s 

tor water, [H-] [OH'J = K, can he calculated as follows From 
the general equation E « o 0577 log„ cjc, we have 

06951 =00577 log,, r,/r, 

r„ the H- concentration in N/to acid at IS®, is 00SS8, hence 
ci/r, = 0 0888/c, = io'™‘ 

and r„ the H- concentration in R/ro alkali = 0 oSSS X io-tto« 

The OH' concentration in the same solution, allowing for in- 
complete dissociation, is O-oSqj. Therefore 

IH-] X [OH'] = 0-0888 X 10 -wois Q pgp2 as 0 7 X I0~“ . 


at I8^ which u in excellent agreement with the value found 
by other methods (p 298). 

Cells ifl which the electrodes are in contact with different 
gases, for exarnple, the hydrogen-oxygen ceJ), are referred to 
below. 

Foteatial Series ot the Etements^Dunng the consideration 
of the Daniel] cell (p. 362), it was pointed out that metab 
differ greatly with regard to their solution pressures. Zinc, for 
example, has a very high solution pressure, whilst that of copper 
is very small 

The difference of potential between a metal and a solution of 
one of its salts at room temperature is represented by the 
lormuh 


C- 0058, F 
E = — log..-, 


and if p, the osmotic pressure of the positive ions of die salt, is 
the same for all the electrodes, say that represented by a solu- 
tion containing a gram-ion pec litre, it is evident that the value 
of E is proportional to the solution pressure of the metal. As 
regards the standard to which the EM.F.S are to be referred, 

the hydrogen stanefaref has hi fftfs case certain advswtage^ The 

potential of metals with regard to normal-ionic solutions of 
their salts is therefore obt^ed by measuring the E.M.r. of 
cells of the tvoe 



386 OUTLINES OF PHYSICAL CHEMISTRY 

H,.(Pt) i «IT 1 normal ionic solution of the metallic salt | metal, 
the difference of potential H»(Pt) \ «H- being taken as zero. 

The E.M.F. of the combination 

HaiPt) 1 «H- I n • ZnSO^ | Zn 

•<— — 

0760 

measured with the potentiometer in the usual way, is 0760 
volts, the hydrogen being positive with regard to the zinc. 
The value of Ez„sOi-z.i ‘s therefore + 0760 volts, the poten- 
tial difference at the other junction being zero by definition, 
and positive electricity goes in the cell in the direction indicated 
by tlic arrow, that is, the solution tension of zinc is greater than 
that of hydrogen, so that the former displaces the latter {indirectly) 
from solution. 

On the other hand, the E.M.F. of the cell 
Hj(Pt) 1 hH- 1 mCuSO* I Cu 


0 ' 34 S 

is 0'345 volts, copper being positive ; positive electricity goes in 
the solution in the direction represented by the arrow. Hydro- 
gen therefore goes into solution and copper is deposited, so that 
the solution pressure of hydrogen is greater than that of copper. 

The numbers obtained as above indicated, that is the dif- 
ference of potential between a metal and a normal-ionic solution 
of one of its salts (solutions which contain a gram of the corre- 
sponding ion per litre) arc termed tlic normal potentials or electro- 
lytic potentials of tlic metals in question and are usually indicated 
by the symbol Cq. In a similar way the normal potentials of 
electrodes which yield negative ions (such as oxygen, chlorine, 
and bromine) may be mc.asurcd. 

The following table contains the normal potentials Coi, for a 
large number of elements referred to the hydrogen electrode 
as standard. The normal potentials referred to the normal 
calomel electrode, Coc (its potential being taken as zero), arc 
obtained from the normal hydrogen potentials by means of 
the formula Co,, = Coj 0-283 volts. 
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The numbers for chlorint, bromine, and iodine, are comparable 
with the others, and arc obtained in a somewhat similar way. 
The value for chlorine, for example, may be obtained by 
measuring the E.M.F. of a cell of the type. 

H,(Pt) |h-h- |«-a'|cu(Pt). 

the right-hand electrode being reversible for chlorine just as the 
left-hand one is reversible for hydrogen (see below). 

Normal Potentials, Coi,- 

Na Mg A1 Mn Zn Fe Cd 
— 27 — t-ss —1*34 —107 —076 — 0-44 —0-40 

Tl Co Ni Sn/Sn" Pb H| Cu 
— 0*34 — 0-29 — —0-14 — o-ij ±0 -f 0-345 
Hg/Hg,” Hg/Hg- Ag Pt Au/Au- 0 I Br Q ^ 
080 086 080 0-86 1-3 1*2 0*54 i-oS X'40 1-9 


By means of this table, tbe E.M F. of a cell made up cf two 
metals in contact with normal solutions of their salts cu &t 
once be calculated. As the following schemes show, a 
nickel element has the E M F. o 760 — 0-22 «= 0-540 rola, 
and a zmc-silver clement the E.M.F. 0-760 — (— 0-5o^ = 
1*560 volts. 


Zn 1 nZn- j nNi- ) Ni 
0760 o 22 


Zn [ nZn- | nAg- ) Ag 
0-760 0^0 


1-560 


positive electricity flowing in the respective cells, in the d-rtv-- 
tions indicated by the lower 3rT0«i*s. The student h »\e 

no difflculty in understanding these schemes m the li^ht vM t •, 
considerations advanced on page 364. Both in the i i-e ol » 
and of nickel the solution pressure of the nu-cil grcitti t' <.i 
the osmotic pressure of the metallic ions in norm il 'oluiion . i.i, 
therefore, when arranged to form a cell, the tciuicm'\ lo: i _ 

tive electricity to pass round the circuit is in the oppo'iie -i.rc'' 
tion at the two junctions. Positive electricity, ihrrcinic, llo 
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in the direction in which the acting force is the greater, and the 
total E.M.F. is the difference of the forces at the two junctions. 
In the zinc-silver cell, on the other hand, the forces act in the 
same direction, and the total E.M.F. is therefore the sum of the 
forces at the junctions. 

According to Nernst’s formula, and in agreement with the 
convention now widely used that the potential difference has 
the positive sign if the electrode is positively charged with 
respect to the solution and the negative sign if the electrode is 
negatively charged, the normal potential is represented by the 
formula 

RT 

since c, the concentration of the ions, in the above measure- 
ments is unity. Therefore the general formula representing 
the P.D. between an electrode and an electrolyte of the ionic 
concentration c is 

„ RT, C RT, 

E = -^loge-=c„ + ^loge<: 

when the electrode gives positive ions, and 

E=C„- — logeC 

when the electrode gives negative ions. 

In order to illustrate the use of these formula: we may cal- 
culate the P.D. at each electrode and the total E.M.F. of the 
cell 

Ni I NiS04 0-l molar j AgClsat. sol. | Ag 

at 25°, assuming that the P.D. at the liquid contact is eliminated 
and that the nickel salt is 60 per cent, ionized, [e,, for nickel 
— 0-22 volts ; Co for silver o-8o volts.] 

The formula is as follows : — 

IT , RT, 

E = -f — loge Cl - Co log, Co 

nj for nickel is 2 and Cj is o-o6 ; ng for silver is i and c« is 
i' 2 S X 10 “ ® gram-ions per litre at 25°. Plence 
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E=— O-25+0 029 log,o(oo6)— 0-80— 0038 logio(i'2S X lO'®) 
— 0-22 — o 035 — 0-80 4 - 0289 
SS — O 766. 


The total E.M F. of the cell is — 0766 volts ; the P.D. at 
the silver electrode is + O-SII volts, and at the nickel electrode 
— 0 22 — -035 = — 0 255 volts. 

In order to avoid errors of sign, it is well to check results 
such as the above from the point of view of general principles. 
Since diminishing the concentration of a solution from which 
ions are separating lowers, and diminishing the concentration 
of a solution into which new ions are going increases the E M.F. 
at a junction (p. 366), it is evident that the effect on the E.M.F. 
of alteration of the concentrations of the solutions must be as 
shown above. 

From the above considerations it would appear that metals 
which stand higher than hydrogen in the tension series can 
liberate hydrogen from acids and that the numbers in the table 
afford an approximate measure of the energy of the change. 
On the other hand, hydrogen at atmospheric pressure should 
displace the metals which stand below it m the tension series. 
This has been shown to hold in some cases at least with hydro* 
gen occluded in platinized platinum electrodes, the platinum 
presumably acting as a catalyst for reactions which under 
ordinary conditions are extremely slow. Finally each metal 
should be able to displace from combination any metal below 
it in the tension series, the difference of potential between the 
metab being a measure of the free ener^ of the change. On 
the whole these conclusions are borne out by the experimental 
results except in so far as the phenomenon of over-voltage 
comes into play. This subject is brieQy discussed in a later 
section (p. 399). 

Cells with Different Gases — The simplest example of these 
cells is the hydrogen-chlorine cell, already referred to. One- 
half of the cell consists of a hydrogen electrode in acid, the 
other of a similar electrode saturated with chlorine, and the 
two electrodes are combined as represented in Fig. 44, the 
intermediate vessel containing acid of the same strength as that 
in the cell. The chemical change which takes place in the cell 
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is the combination of hydrogen and chlorine to form hydro- 
chloric acid. Representing the cell as usual 

HalPt) I «H- 1 «C 1 ' 1 ClalPt), 

> 

1*40 


it is clear that positive electricity flows in the cell from hydrogen 
to chlorine in the direction represented by the arrow, the 
chlorine becoming the positive and the hydrogen the negative 
pole. The E.M.F. of the cell in normal acid at the ordinary 
temperature is about 1-40 volts. 

The most important cell of this type is the hydrogen-oxygen 
or Grove’s cell, the two poles being saturated with hydrogen 
and oxygen respectively. When connection is made the gases 
gradually disappear, hydrogen becoming ionized at one pole 
and oxygen uniting with water to form hydroxyl ions at the 
other pole. The cell may therefore be represented by the 
following scheme : — 


H2(Pt) water 

(acid, alkali, or salt) 
> 


O^lPt) 


1*23 


and positive electricity flows through the cell from hydrogen to 
oxygen as represented by the arrow, so tliat hydrogen is the 
negative pole and oxygen the positive pole. The hydrogen 
electrode is reversible with regard to hydrogen, as follows : 
Hj ^ 2H-, the reaction taking place at the oxygen electrode 
is as follows : HoO d- iOj ^ 2OH'. When employed as in- 
dicated above, the change is that represented by the two upper 
arrows and 2F passes through the wire ; when, on the other 
hand, 2F is sent through the cell in the opposite direction, the 
changes at the two poles are represented by the two lower 
arrows. 

If absolutely indifferent electrodes were used for absorbing 
the gases, and the changes at tlic electrodes were fully rever- 
sible, the calculated E.M.F. of the cell is 1-23 volts.^ The 

’ Corresponding with tlic free energy of formation of water from its 
elements. The calculation is rather complicated. (Compare Nernst and 
von Wartenberg, Zeitsek. physikal, Chem., 1906, 6G, 544.) 
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values actually observed are smaller, probably owing to the 
formation of an oxide of platinum, which has an oxygen 
potential different from that of free oxygen. 

Theoretically, only pure water is necessary as electrolyte, 
but, in order to increase the conductivity, dilute acid or alkali 
or a dilute salt solution is employed as electrolyte. The E.M.F. 
of the cell U independent of the nature of the electrolyte since 
the product is the same in acid, alkaline, or neutral 

salt solution, but this is not the case for the single potential 
differences at the electrodes. 

Oridafion-Redaefioa Cells — The gas cell just described is a 
typical oxidation-reduction cell, as when working hydrogen is 
being oxidized at the negative pole and oxygen reduced at the 
positive pole. 

As may be anticipated, corresponding cells can be con- 
structed in which instead of hydrogen another reducing agent 
is used, and* instead of gaseous oxygen another oxidizing agent. 
Indifferent metals, such as platinum or indium, are used as 
electrodes in all cases. 

We will first consider a cell budt up of a hydrogen electrode 
on one side and a platinized platinum electrode dipping in a 
solution of a Jencus and ■^fente salt on the other. When the 
two electrodes arc connected up, a current flows tn (he cell 
from the hydrogen to the other electrode Hence at the 
hydrogen electrode gaseous hydrogen is going into solution 
as hydrogen ions according to the equation H, + zF = zH-,* 
and at the other electrode Fe— ions are being reduced to Fe- 
ions according to the equation zFe- — zF = zFe •, the charges 
neutralizing each other through the wire and thus producing 
a current. When the same quantity of electricity is passed 
through the cell in the opposite direction, Fc" ions are con- 
verted to Fe— ions, and hydrt^en gas is liberated at the other 
pole; the cell therefore works reversibly, and the measurement 
of the E.M.F. gives a measure of the free energy or affinity of 
the reaction. The total change is, of course, expressed by the 
equation zFc— -f H* » zFe- + zH*. 

Other oxidizing agents can be measured in the same way 
against the hydrogen electrode and from the results a table 
' sF or 3 X 96,500 coulombe converu a mol of hydrogen to M ions 
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of various solutions, arranged in the order of their oxidizing 
potentials, can be obtained. ' Some of the values obtained in 
this way may be given : — 

SnClj in HCl 0-23 volts FeClg in HCl 0-98 volts 

NHjOHinHCl 0-38 volts KMnOi in HjSO^ 1*50 volts 

The above are only meant to indicate the order of the results, 
as the accurate values depend greatly on the concentration and 
composition of the solutions. 

The four solutions mentioned, even stannous chloride, in 
acid solution exert an oxidizing action on gaseous hydrogen, 
and therefore the direction of the current is the same as in the 
ferric chloride cell. As might be anticipated, potassium per- 
manganate has the highest oxidation potential. 

When, on the other hand, a platinum electrode dipping into 
a solution of stannous chloride in potassium hydroxide is con- 
nected with a hydrogen electrode so as to form a cell 

Sn-* in 

H 2 {Pt) «H- nOH' (Pt) 

< 

0-560 

hydrogen ions are discharged and the stannous salt becomes 
oxidized, positive electricity, therefore, flowing in the cell in the 
direction of the arrow. The change which takes place in the 
cell may be represented by the equation 2H-f Sn"=Sn — f-Hj, 
the hydrogen acting as the oxidizing agent. In this case we 
may say that the stannous chloride solution has a certain reduc- 
tion potential. 

The above considerations are sufficient to show that the 
terms " oxidizing agent ” and “ reducing agent ” are relative 
and not absolute ; whether a substance acts as an oxidizing or 
a reducing agent depends on the substance with which it is 
brought in contact. 

The hydrogen electrode may be replaced by a platinum 
electrode dipping in a solution of a reducing agent, an oxida- 
tion-reduction cell containing only liquids being obtained. One 
well-known cell of this type consists of platinum electrodes 
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dipping in solutions of ferric chloride and stannous chloride 
respectively. The changes at the electrodes may be represented 
by the equations 

(i) 2Fe"* — 2F = sFe- (2) Sn- -j- 2F = Sn-— 
and the total change as follows : — 


It is now easy to understand what at first sight appears very 
puzzling, that a ferric salt can oxidize a stannous salt at a dis* 
tance, the solutions being in separate cells and possibly con- 
nected by an indifferent solution. The above equations show 
that the essential feature of the phenomenon is the transference 
of two positive charges from the iron to the tin ions through 
the wire. 

As a definite potential may be ascribed to every substance 
acting as an oxidizing or reducing agent, >t is clear that the 
E.M.F. 0! an oxidation-reduction cell may be represented as 
the algebraic sum of the differences of potential at the two 
junctions. When a strong oxidizing solution Is combined with 
a still stronger oxidizing solution to form a cell, the former will 
be oxidized at the expense of the latter, but the E.M.F. of the 
cell will be small, as the solutions are acting against each other. 
The further apart two solutions are in the oxidation-reduction 
potential series, the greater will be the EM F. of the cell formed 
by their combination. 

We are now in a position to give a clear definition of oxida- 
tion and reduction in dilute salt solutions. An increase in the 
number of positive charges or a diminution in the number of 
negative charges on an ion denotes oxidation ; decrease in the 
number of positive charges or increase in the number of negative 
charges on an ton denotes reduction. The usual definition of 
oxidation as consisting in an addition of oxygen to a compound 
or the abstraction of hydrogen from it, is clearly inapplicable 
to salt solutions, but the older definition retains its value for 
changes in which organic compounds are concerned, and for 
solid compounds ; these have so far been very little investigated 
from an electro-chemical standpoint. 

According to the above definition all reactions which take 
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place elcctromotively are oxidation-reduction reactions, oxida 
tion taking place at one electrode and' reduction at the othei 
In the Daniell cell, for instance, oxidation takes place a 
the cathode, Zn + zF -»• Zn--, and reduction at the anod 
Cu" — 2 F = Cu. It follows that the displacement of on 
metal by another is to be regarded as an oxidation-reductio 
process. Elements which can only give positively charge 
ions, e.g., the typical metals, can only act as reducing agents 
whilst elements such as chlorine, which only yield negative! 
charged ions, invariably exert an oxidizing action. Solutions 
on the other hand, may behave according to the condition 
either as oxidizing or reducing agents, since one or the othe 
ion may react. Cupric bromide solution, for instance, acts a 
an oxidizing agent towards zinc and as a reducing agent toward 
copper. Moreover, a single ion, c.g., ferrous ion, Fc” ma; 
act cither as an oxidizing or as a reducing agent since it ca: 
be changed into uncharged Fe or into Fe—. 

Electromotive Force and Chemical Eauilihrium— In th 
previous section, we have considered oxidation-reduction cell 
from the qualitative standpoint only. Just as in the case o 
the Daniell cell, which indeed is a special type of oxidation 
reduction cell, the E.M.F. at an electrode depends upon th 
concentration of all the ions taking part in the change. Thu 
the E.M.F, at a platinized platinum electrode immersed in i 
solution of a ferric salt is only definite when a certain proportioi 
of Fe- ions are also present, and the E.M.F. depends on th 
concentrations of both ferric and ferrous salt. The genera 
equation representing the dependence of the E.M.F. of sucl 
cells on the concentrations of the substances taking part in th 
reaction will now be given. 

The reversible reaction -f OgAg -f . . . nj'Aj' -f 
Og'Ag . . . (p. i66), when it proceeds in one direction in ai 
electrolytic cell, may be represented by the equation 

UjAj -j- OgAg nF nj^Aj^ -{- Og^Ag^ 

which indicates that n^ mols of Aj and ng mols of A. . • • ar- 
converted into nj' mols of A^' and ng' mols of Ag' "by takinj 
up n faradays. The maximum work obtainable when tin 
substances on one side of the equation at definite concentration: 


ELECTROMOTIVE FORCE 


395 


are transformed isothermally and reversibly into the substances 
on the other side of the equation also in definite concentrations 
may be derived by a non-electnca! method or by carrying out 
the reaction in a galvanic celt In the former case the maximum 
work may be stated m the form 


A = 


RT(tog,K-log. 


[A.r.[Aj. / 


where the square brackets represent concentrabons and K 
represents the equilibrium constant. When the process is 
carried out in a galvanic cell the maximum work obtained is 
A =Bs aFE (p. 353) hence 


E 


K - log. 


lA,-r,'tA,T.' \ 

lA.MAj. r 


When both the initial substances and the final products 
are in unit concentration the maximum work obtainable non' 
electrically is 

A*RTlog,K 


and in a galvanic cell nFcoi where « the normal potential. 
Hence the general equation representing the dependence of 
the E.M.F. of the cell on (he concentrations of the reacting 
substances is 




RT, 


[A,T.'[A,T.- 
(A,r. [AJ. ■ 


The concentrations of the more highly oxidized substances 
(j.e , those formed by takir^ up positive charges) occur in the 
denominator. 

For the change 


Fc“ + FSFe- 


the above expression has the form 

E = .,-^Iog.[Fo“l'tFe-). 


For the chlorine electrode 2CI* + 2F Cl, 

E~e,~~he.icryAChI- 
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As regards the permanganate electrode, for which the equa- 
tion MnO/-{-8H — 5F?iMn- + 4HaO represents the probable 
chemical change, the expression for the E.M.F. is as follows :~ 

r_ RT fMnJ-[HaOr 
^-^0 jF ‘°^'[MnOJ'[H-]8' 

It is clear from the above equations that the effect on the 
E.M.F. of the cell of systematic variation in the concentrations 
of the reacting substances throw light on the nature of the 
chemical change taking place in the cell and also on the number 
of faradays associated with the change in question. 

Electrolysis and Polarization — If an external E.M.F. of i volt 
is applied to two platinum electrodes dipping in a concentrated 
solution of hydrochloric acid, it will be found that the large 
current which at first passes when connection is made rapidly 
diminishes and finally falls practically to zero. The explana- 
tion of this behaviour is that while the current is passing hydro- 
gen accumulates on the cathode and chlorine on the anode, 
thus setting up an E.M.F, which acts against the E.M.F. applied 
to the poles of the cell. This phenomenon is termed polari- 
zation. In the above ease the gases go on accumulating in 
the electrodes till the back E.M.F., which we will term e, is 
equal to the applied E.M.F., when the current ceases. If, how- 
ever, an E.M.F. of 1-5 volts is applied at the electrodes, a con- 
tinuous current passes through the solution and it is evident 
that in this case the back E.M.F. e has not attained the value 
of I '5 volts. The explanation is evident when it is remembered 
that the E.M.F. of a cell in which platinum electrodes are 
charged with hydrogen and chlorine respectively at atmospheric 
pressure is 1-40 volts {p. 390). When an E.M.F, of 1-5 volts 
is applied, the electrodes become charged up to atmospheric 
pressure, but no higher, the excess of the gases escaping into 
the atmosphere. It follows that e cannot under ordinary cir- 
cumstances attain a higher value than 1-40 volts, so that 
electrolysis proceeds at an E.M.F. of E — c = o-lo volts. 

The E.M.F. which must just be exceeded in order that a 
continuous current may pass through an electrolyte is termed 
the “ decomposition potential " of the electrolyte, and it is clear 
from the above example that the decomposition potential is equal 
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lo the E.M.F. of a cell ut vkick the products of electrolysis are 
Ike combining substances. As the E.M.F. of such a cell is the 
algebraic sum of the differences of potential at the electrodes, it 
is clear that the decomposition potential is also the sum of two 
factors, namely, the sum of the potentials required to discharge 
the anion and cation respectively. 

The decomposition potential of an electrolyte may be deter- 
mined in two ways. According to the first method, the external 
E.M F. applied to the electrodes is gradually raised and the 
point noted at which there is a sudden increase in the current. 
The value of the current, C, is determined by the equation 
E - < = CR, 

where R is the resistance of the circuit, and will obviously 
increase rapidly as soon as E is greater than e. The second 
method is to charge the electrodes up to atmospheric pressure 
by using an EM.F. greater than e, then the external circuit » 
broken and the EM.F. of potamaUon measured at once. This 
method depends upon the fact already indicated, that the de- 
composition potential is that E.M.F. which is just sufficient to 
overcome the EM.F. of polarisation. 

As has just been pointed out, the potential required to dis- 
charge an ion such as Zn- must just exceed the difference of 
potential at the junction Zn/Zn-, and is, therefore, the same as 
the potential of the metal in volts m the tension series (p. 387). 
Further, the E.M.F. required to decompose an electrolyte is 
clearly the sum of the separate differences of potential required 
to dischaige the anion and cation respectively, and is, there- 
fore, obtained by adding the values for the two ions in the 
tension series. The matter becomes clearer when we consider 
that the potential difference between an element and its ions 
may conveniently be regarded as a measure of the affinity of the 
element for electricity. Thus "the affinity of zinc for positive 
electricity is equivalent to 0760 volts, and that of chlorine 
for negative electricity to 1-40 volts. To convert zinc ions to 
metallic zinc we must, therefore, apply a contrary E.M.F. which 
just exceeds the affinity of zinc for positive electricity, in other 
words, the decomposition potential of zinc ions is 0760 volts. 

On this basis, the decomposition potential of zinc chloride 
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should be 0760 + i -40 = 2-070 volts, of hydrochloric acid 
1-40 volts, and of copper chloride (— 0-345 + 1-40) = 1-055 
volts respectively. This is fully confirmed by the experimental 
determinations of Le Blanc, who obtained the following values ; 
ZnCl2 = 2-i5 volts, HCI=i- 31 volts, CuCl2=i-OS volts, an 
agreement within the limits of experimental error. 

Separation ol Ions (particularly Metals) by Electrolysis— 
The results just mentioned are well illustrated by the phenomena 
observed when a mixture of electrolytes is electrolized at dif- 
ferent values of the applied E.M.F. The foregoing considera- 
tions show that on gradually raising the E.M.F. that chemical 
change takes place most readily for which the least difference 
of potential is required, and this may be taken advantage of 
for the electrolytic separation of metals which are discharged 
at different potentials. Suppose, for example, a mixture of 
hydrochloric acid, zinc and copper chlorides is subjected to 
electrolysis. Below i volt practically no change will occur, 
but at i-i volts, a little above the decomposition potential 
for copper chloride, copper will be deposited on the cathode. 
When it has been almost completely removed, and the potential 
is raised to 1-4 volts, hydrogen will be liberated at the cathode. 
Finally, the attempt may be made to remove zinc by raising 
the external E.M.F. above 2-2 volts, but this cannot be effected 
in acid solution, as there is a large excess of hydrogen ions, 
which are more easily discharged than zinc. 

In an exactly corresponding way, almost all the bromine 
may be electrolytically separated from a solution containing 
zinc chloride and zinc bromide before the chlorine appears. 

It is, therefore, clear that it is the value of the E.M.F., and 
not the strength of the current, which is of primary importance 
for the separation of metals, and in recent years methods based 
on this principle have become of great commercial importance. 
Besides the value of the applied E.M.F., the concentration of 
the ions in contact with the cathode is of great importance, ^ 
as the decomposition potential necessarily depends on the ionic 
concentration, - and hence great attention is now paid to the 
efficient stirring of the electrolyte.^ 

* The electrolytic separation of metals on this principle is described in 
recent papers by Sand {Journal of the Chemical Society, 1907, 91 , 373. 
1908, 93 , 1572), and others. 
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The Electrolysis ol Water. Overfoltage (Supertension) at 
Electrodes — When aqueous solutions of many salts and strong 
acids and bases are electrolysed udth smooth platinum electrodes 
only hydrogen and oxygen are liberated as products of electroly- 
sis and the decomposition potential is in all cases about i-66 
volts. It was formerly supposed that one or both of these 
gases were formed by the action of the primary products of 
electrolysis on the solvent, but this does not account for the 
fact that the decomposition potential is in general the same for 
different acids and bases It is now accepted, for reasons given 
below, that the gases are products of the primary decomposition 
of water. 

If such is the case, and the decomposition of water proceeds 
reversibly at the electrodes, we would expect the decomposi- 
tion potential to be about i 2 volts, in agreement with the 
E.M.F. of the hydrogen-oxygen cell, whereas it is considerably 
higher. When, however, platinized platinum electrodes are 
used and the current is plotted against the applied 
the latter being gradually increased, it is found that there is a 
sudden increase in the current at i*i volts (so that water can 
be continuously decomposed at the latter potential), but a much 
more rapid increase at 1-66 volts. Two possible explanations 
of these remarkable facts might be suggested. Nemst was 
formerly of opinion that at the lower potential H- and O' ions 
are being discharged the current being very small because of 
the exceedingly minute concentration of the O' ions. The 
more rapid decomposition at 1-66 volts is due to the discharge 
of H* and OH' ions the latter combining to form water and 
oxygen according to the equation 4OH zHjO -f- O2. 

Another mode of explaining the results is that the decom- 
position potential depends on the nature and condition of the 
electrode material; at many electrodes the potential must be 
raised above that theoretically required for reversible decom- 
position in order to reach the point of decomposition. Thus 
assuming that the decomposition of N/l sulphuric acid takes 
place reversibly at a platinum cathode, the following values for 
the cathodic decomposition potential with other metals were 
obtained; Pd + 0 26, Pt±o, Fe — 003, Cu — 019, AI — 
0-27, Pb — 0 36, Hg — 0*44. Thus hydrogen h eliminated 
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more easily at a palladium than at a platinum electrode, per- 
haps owing to thoTormation of an alloy with the former metal ; 
in all other cases a greater or less excess of E.M.F. is required 
in order to liberate the gas. Overvoltage phenomena also oc- 
cur at the anode when oxygen is being liberated, but in' this 
case the order of the metals is not the same as with hydrogen. 
The magnitude of the overvoltage increases considerably with 
increase of current-density. 

There is no doubt as to the great importance of overvoltage 
phenomena, although they arc not yet fully understood. They 
appear to depend, in part at least, on supersaturation with the 
gas. Thus when hydrogen is liberated at a platinized platinum 
anode, the latter dissolves a large amount of the gas and facili- 
tates its escape in bubbles, thus bringing about equilibrium 
between the gas in solution and in the gas space. On the 
other hand smooth platinum, and such metals as lead and 
mercury, have very little solvent power for hydrogen, and a 
much higher pressure is required in order to force in sufficient 
of the gas to admit of the formation of bubbles (Nernst). Ac- 
cording to Fdrstcr, the liberated substance forms sonic com- 
pound with the electrode material, and the supertension is 
determined by the concentration of the gas thus dissolved 
in sonic form in the electrode. By making use of the high 
concentration of hydrogen obtainable at electrodes showing 
considerable supertension, reductions not readily effected by 
other methods can be performed. 

Supertension phenomena have an important bearing on the 
dissolving of metals in acids. Pure zinc should liberate hydro- 
gen from acids at a potential of 0770 volts but the superten- 
sion is so great as almost to reach this value and the reaction 
therefore proceeds very slowly. The overvoltage at impure 
zinc is much less and therefore the metal dissolves much more 
readily in acids. In the latter case local differences of potential 
doubtless also play a part. 

The main evidence in favour of the view that water under- 
goes primary decomposition during electrolysis is that the de- 
composition potential is largely independent of the electrolyte, 
whether acid, base, or salt ; and further, that of the possible 
changes which can take place at the electrodes the dccomposi- 
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Uoa of water is usually that which can take place at the lowest 
potential (compare previous sectioo). In the case of hydro- 
chloric acid the relationships arc more complicated. In con- 
centrated solution the decomposition potential is lower than 
that of water (p. 398) and the main products are hydrogen and 
chlorine ; with progressive dilution the decomposition potential 
rises and ultimately a mixture of oxygen and chlorine is liber- 
ated at the anode. 

The decomposition potential curve of sulphuric acid shows 
two further points of rapid increase of current, at i 95 and 2-0 
volts respectively. It seems probable that the former value is 
connected with the discharge of SO/ and the latter with the 
discharge of HSO/ 10ns 

Electrolysis and Polarization {coniimied)~’Thi E.M.F. re- 
quired to bring about decomposition of an electrolyte is not 
determined solely by the magnitude of the polanzation due to 
the products o! electrolysis. The current also causes concen- 
tration changes at the electrodes and these changes always act 
in opposition to''the E.M F driving current through the cell. 
This effect is known as concenlratton polaritalion and is mini- 
mized by stirring the electrolyte. 

Any substance which tends to diminish the polarization in 
a cell is termed a dtpolanzor It may act as a catalyst in ac- 
celerating the changes at the electrodes, e g , platinized platinum 
in the liberation of hydrogen, or it may alter the change taking 
place at the electrodes to one that takes place more easily, 
e.g., the use of potassium dichromate in the so-called bichromate 
cell The " insoluble" salt in an electrode of the second kind 
acts as a depolarizer. 

Recent investigations have shown that polarization occurs in 
many cases where it would not be anticipated, and this fact has 
raised the question as to the exact nature of the changes taking 
place at the electrodes during electrolysis. "When, for in- 
stance, a current is passed through the cell Cu | CUSO4 | Cu 
it would be anticipated according to the accepted views re- 
garding electrolysis that Cu- ions would be discharged at the 
- cathode as metallic copper, that SO/ ions after discharge at 
the anode would immediately attach the latter forming copper 
36 
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" '1;= hydrogen ion, („, „,h„ by ,b, 

hydrogen) to metallic lead according to the equation 


PbSO, + 2H- - 2F = Pb + 2H- + SO,' 
or more Simply, PbSO* — 2F = Pb -f- SO*' 

On the other hand, the SO,' ions wander toward, the anode 
and react with it according to the equation 


PbSO* + SO*' + 2 HiO + 2F = PbO, -f- 4H* + 2SO4' 

so that the anode and cathode consist mainly of lead peroxide 
and metallic lead respectively. 

On connecting up to obtain a current (discharging), SO*' ions 
are discharged at the new anode (the lead pole), and reconvert 
it to lead sulphate, according to the equation 


Pb + S04' + 2FePbS0*. 


and simultaneously H- ions are discharged at the ttre cathode 
{the peroxide pole), the peroxide being reduced to the oxide, 
and acted on by sulphuric acid to reform the sulphate, according 
to the equation 

PbO, + 2H' + H,SO*- 2F= PbSO* -f- zHjO. 


The chemical changes taking place on charging and discharging 
are summarized in the equation 

Pb 4- PbOj + zHjSO* ^ 2PbS0* + 2H,0 ; 


the upper arrow represents discharging, and the lower arrow 
charging. 

The E^M.F. of the lead accumulator is about 2 volts. It is 
not strictly reversible, but under ordinary conditions of working 
about 90 per cent of the energy supplied and stored up in it 
can again be obtained m the form of work. 

The only other accumulator of commercial importance is that 
developed more particularly by Edison and his co-workers, and 
known as the Edison accumulator. In the charged condition 
the positive plate consists of hydrated nickeh'c oxide, 

Ni,Ofc xHjO 
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sulphate. As a matter of fact, Le Blanc ^ has shown that under 
these circumstances considerable polarization occurs both at 
anode and cathode, so that the changes taking place at the 
poles can scarcely be as simple as those just assumed. A still 
more striking case occurs in the electrolysis of solid silver 
salts between silver electrodes. With silver sulphate, for in- 
stance, a polarization E,M.F. of 0*312 volts was observed two 
minutes after breaking the circuit and at -- 80° an E.M.F. of 
no less than 1*562 volts one minute after breaking the circuit.* 
The cause of these remarkable observations is stilTby no means 
understood. 

Accnmolators — As is well known, accumulators are employed 
for the storage of electrical energy. An accumulator is a re- 
versible element ; when a current is passed through it in one 
direction the electrodes become polarized, and when the polar- 
izing E.M.F. is removed and the poles of the accumulator are 
connected by a wire, the products of electrolysis recombine with 
production of a current and the cell slowly returns to its original 
condition. 

It will be clear from the above that the Grove’s gas cell is a 
typical accumulator or secondary element ; when a current 
is passed through it in one direction the electrodes become 
charged with hydrogen and oxygen, and these gases can be 
made to recombine with production of a current. From a 
technical point of view, however, a satisfactory accumulator 
must retain its strength unaltered for a long time when the 
poles are not connected, and must be easily transported. A gas 
accumulator would be in many respects unsuited for commercial 
purposes. 

The apparatus most largely used for the storage of electricity 
is the lead accumulator, the electrodes of which in the un- 
charged condition contain a large amount of lead sulphate 
(obtained by the action of sulphuric acid on the porous lead of 
which the electrodes largely consist at first) and dip in dilute 
sulphuric acid. The accumulator is charged by sending ?-■' 
electric current through it. At the cathode, the lead sulplr 

’ der Sunsen-GeicllscJiaJtf'Ho. igic . 
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changes in direction, owing to the fact that the Cu** ion con- 
centration in a strong solution of potassium cyanide (in which 
the copper is mainly present in the complex anion Cu(CN)/) 
is considerably less than in a solution of copper sulphide. 

The following experiments, which are described in consider- 
able detail m the course of the chapter, should if possible be 
performed by the student. For further details tcct-books on 
practical physical chemistry should be consulted. 

(tt) Preparation of a standard cadmium cell (p. 357). 

(6) Measurement of the E.ALF. of a ccU by the compensation 
method (p. 35 ^) 

(c) Preparation and use of a calomel " half-cell " (p. 373). 

(d) Preparation and use of a capillary electrometer {p. 379). 

• (<) Measurement of the EMF. 0/ a concentration cell 

(p. 36;). 

(/) Measurement of the E.M.F. of the hydrogen-oxygen 

'^'M^betMmination of the solubility of a difhcultly soluble 
sah. f.g; s'lver chloride, by EM.F. measurements (p. 370 )- 
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[Equilibrium Equations In Gaseous Systems : Dissociation] 

(f/. problems 32-35) 

The comi 50 sition of a system can be expressed In various ways, and in 
representinq the equilibrium conditions in a system in terms of an equi- 
librium constant tlic “constant" will differ nccordinq to the method used 
in expressinp the composition. Wlicn the composition is expressed in terms 
of tile relative concentrations of the components (preferably in mols per 
litre) the equilibrium equation, for a reaction rcjircsented by the qcnerni 
equation 

»;,A, + WjAj . . . ^ + n/Aj' 

tidtes the form (p. 166) 

(r) 

[A;]^i7[A?jti{ . , . “ ^ > 

where the square brackets represent concentrations and is the equilibrium 
constant. 

When the comiiosition is expressed in terms of the relative partial 
pressures of the components, the equilibrium equation lakes the form 


A* 




K, 


(*) 


where Pa,, /Aj, etc., arc the respective partial pressures of the components 
and Kj, is the equilibrium constant. 

The relationship between Kj, the equilibrium constant, when concen- 
trations arc used, and Kp, the cquililirium constant for partial pressures 
can be obtained by means of the qcncrnl pas equation 

pv «KT 


in the form/, >» pRT where c [A] -. 

From equation (2) by substitution 

. [A,ln,(KT).i,(Ajl>H(RT)>'> . . ; 

^ iAn'^{K'i>jr[Aij;f?(RT)^T7: 

- Kc(RT)2n. 

where 3 « -i- . . . — ?/,' — — 

represents the alteration in the number of molecules durinq the ritaclion. 

R, the qas constant, has the value 0-0821 in litre-atmospheres. 

Tliesc qcncral results can be applied to the dissociation of qascs such 
ns phosphorus pentnchloride and nitrogen dioxide. As in these eases 
Sn I we have 

Kp>» K,RT 


K. 




1 • 
406 


and ns 
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(where P represents the total pressure) 

K - 

This equation for K^, can be obtamed from the alternative form giveti on 
p I/O, namely 

g, ^ ^ 

(»-^)V 

by eufastlmting for V its value in the equation 

PV«(t+*}RT.] 

I. A certain quantity of a gas messures loo c a at 85* and 700 mm. 
pressure. What pressure will be required to change the volume to 50 c c. 
at — lo*C. f Ans 1236 mm. 

t What volume is occupied hy (o) 1 gram of nitrogen, (^) 1 gram of 
carbon dioxide at 30* and a p3cisan of item of mercury > 

Ans. [a) 006-3 c ■ (*) 57 h S cc, 
j An open vessel is heated til) one-tAird of the air it contains at 20* is 
expelled ^at is the temperature of the vessel ’ Ans II 7 6®C. 

4. If o-j gram of a gas measure 65 cc at to* and 500 mm. pressure, 

what is Its molecular weight ' Ans 27j-j 

5. If I gram 0/ nitrogen, 1 gram of oxygen and o 2 gram of hydrogen 
are mixed in a volume of 2 2^ litres at o*. calculate the respective partial 
pressures of the gases ta the mixture, m grams pet tq cm. 

Ans 365. 323, and 1025 grami/cm • 
6- The density of benryl alcohol, CtH,Cn|OH. at its boiling point is 
1*145 Compare the observed and cal^ated values of the molecular 
volume (p^o) Am Obs 1237 Calc. <25 5 . 


ture Is Calculate the molecular ref«cfivi^ of 


ii. Calculate the gas conrfani, R, m litre atmospheres from the oWr 
'ation that a solution eonfaining 342 grams of cane sugar in 1 litre of 
vater has an osmotic pressure of 2 5*4 atmospheres at 20 o-oS6o 

12 The osmotic pressure of a 2 per cent, solution of acetone »n ^ttr 
s equal to S?o cm. of mercury at lo*. What U the molecular f 

icetone? Ans 60 (found), 5S-0 (theorb 

/j. What IS ihe molecular conevntrttwn of an tquwus solution "f 
'a which at 20* exerts an osmotic preasnn- of a-h atmocpneses r ,, 
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14. The vapour pressure of ether (mol. wt. 74) is lowered from 38-30 
:m. to 36-01 cm. by the addition of 11-346 grams of turpentine to Joo grams 
jf ether. Calculate the molecular weight of turpentine. 

Ans. ■ 132 (theor. 138). 

15. The vapour pressure of water at 50° is 92 mm. How much urea 

[mol. wt. 60) must be added to too grams of water to reduce the vapour 
pressure by 5 mm. ? Ans. 18-1 grams. 

16. A current of dry air was passed in succession through a bulb con- 
taining a solution of 30 cane sugar in 160 grams of water, through a bulb, 
at the same temperature, containing wafer, and finally through a tube 
containing concentrated sulphuric acid. The loss of weight in the water 
bulb was 0-0315 gram and the gain in weight in the sulphuric acid bulb 
3-02 grams. Calculate the molecular weight of cane sugar in the solution. 

Ans. 339. 

17. The addition of 1-065 grams of iodine to 30-14 grams of ether raises 

the boiling-point of the latter by 0-296“. What is the molecular weight 
of iodine in ether ? - Ans. 251. 

18. The vapour pressure of ether at 0“ is 1S3-4 mm., at 20“ 433-3 mm. 
Calculate the latent heat of vaporization per mol. of ether at 10°. 

Ans. 6S40 cal. 

19. The vapour pressure of water over a mixture of CuSO<, 5HjO and 

CuSO,, 3 HjO is 2-933 mm. at 13-95“ 21-701 mm. at 39-7“. Calculate 

the heat given out when 1 mol. of water combines with CuSOj, 3H,0 to 
form CuSO<, jHjO. Ans. 13,730 cal. 

20. 0-3 grams of camphor, CioHi,0, added to 25-2 grams of chloroform 

raise the boiling-point of the solvent by 0-299“. Calculate the molecular 
elevation constant for chloroform. Ans. 38-2. 

21. From the data in the previous question calculate the heat of vapori- 
zation per mol. of chloroform (boiling-point 6i°}. Ans. 6931 cal. 

22. 1-2 grams of a substance dissolved in 24-5 grams of water (K = 

tS'S) caused a depression of the freezing-point of 1-05“. Find the molecular 
weight of the substance. Ans. 86. 

23. Beckmann found that OQ458 gram of benzoic acid in 15 grams of 

nitrobenzene (K = So) caused a depression of the freezing-point of o-ogg”. 
What conclusion can be drawn from this observation as to the molecular 
condition of benzoic acid in nitro benzene ? Ans. Acid is associated. 

24. At 343° the vapour pressure of ammonium bromide is 195 mm. 

and at 356“ it is 289 mm. Calculate the beat of vaporization of ammonium 
bromide, assuming dissociation complete. Ans. 4S,Qoo cal. 

25. From formula (l), p. 140, deduce the expression 


P 


1000 Hr 
24-22 


Y (P- ’ 42 ) 


and hence calculate the osmotic pressure of an ethereal solution the boil- 
ing point of which is 35-2°. (Boiling-point of ether, 34-8° ; latent heat of 
vaporization per gram, 84-5 cal. ; j == 0-70.) Ans. 3-17 atmos. 

26. At 21° the surface tension, y, of diethyl sulphate in 28-28 dynes/cm.’ 
and at 62-6° y is 24-00 djmes/cm.* Find the value of c, the temperature 
coefiScient of the molecular surface energy (D“ <= 1-0748; D'*'* 

Ans. 2-17. 

27. For monochlorhydrin y at 17“ is 47-61 dynes/cm.’ • (D =■ I-3254) 
and at 57-8“ 43-72 dynes/cm.’ (D = 1-2883). What conclusions can be 
drawn from these data as to the molecular complexity of the liquid ? 

Ans. f ~ 1-44, liquid is associated. 
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23. Cal^attf the heat* of fonnatioo of ethane, ethylene, and .eetr 
leoe Tejpcctjyel;- ircm thw, eleaieatJ «t i;* M at coostJt 7; 

370,440 cal » ethylene 333,350 **1 , mcetylene 310.100 cal. Heat* of for- 
pressure 94.300 cal , liqtad water 68.400 caU all at cntutalt 

Aw mane: C,P. 23.360 «1 , C.V. 22.200 cal. Ethylene : 
CP -7950 mI, CV. — 8530 cal. Acetylene: * C.P. 


T- ^ .r A3- ^ ^ 53.»oo cal. 

29 rind the heat of formation tJ anhydrous aluminium chloride from 
thefQiiomag data (Thamsen) — 

aAl + 6HClAq - aAlO.Aq + 3H, + 239.760 cat. 

H, +• Cl» "■ 2HC1 + 44.000 eai 
HCl 4- A9 “ HClAq + 17,31s cal 
AlClj 4- Aq “• AldjAq + 76,843 cal 

, .ri. I r . , J^t.liSocal CforAlta,). 

' 30 The heat of solution of anhydrous strontium chlondr is it, 000 cal, 
that of the hexahydrate 7300 cal. Whet ts the heat of hydration of the 
anhydrous salt to hexahydrare Aas iS.jcocaJ 

31. The specific heats of diamond and jrsphite In the iieishbourhood 
of to* (o“*l7') are 0-1128 and 01604 calories per gram respecpvely. The 
heats of combustion are 04,310 and 94,810 calenet per 12 grams respec* 
tivel^. Find the heat evolved in (he transformation of graphite to diamond 


at o'C. Ans. 490 cal, 

32. In the synthesis of rutne acid and of ammonia the primary resdioni 
are 


N, 4- O, 2KO - 43,200 esl. 

-h 3W, tHHf + 24,000 cal 

Discuss fully the elfect of temperature and pressure on these reactions 
and refer, for illuserarion, to (he manufactunng processee ; why is It (hat 
in these processes an elevated temperature is usm, although one reaction 
is endotbemuc and the other exothermic f 

At 2000® abs K «» (NOHNj’^'IOJ -• ooi53' 
Asstimuig the heat of reaction independent of temperature, calculate 


Ans. 4i/petw«‘'. '' ^ , 

34. From the following data for the equilibrium tf,Oj ^ 2NO, « ^ J 
calralate the degree of dissociation at each pressuM and show, by finding 
the dissociation constant, that the law of mass action applies 
Pressure in mm., Hg 26 fo 9^^ 


Density (aw =. i) 


„ . . » ..nf4£.ft«afionofcsfboiiyichlonoe 


9; f’”” 


CO 4- Cl,, is 67 pee cent. *t 5-^*. »o 

'■--TO these j 
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36. The ratio of distribution of aniline between benzene and water is 
lo-i : 1. When a litre of aniline hydrocliloride solution, containinfr o-ooo? 
mol. of the salt, was shaken witli ’59 c.c. of benzene at si;" it was found 
that 50 c.c. of benzene had takcn'up o-o()4R gram of aniline. Find the 
amount of hydrolysis of aniline hydrochloride in the solution and ralculate 
the dissociation constant of aniline as a base {cf. p. 296). 

Ans. 1-76 per cent., 3"S5 X 

37. When heated in aqueous solution at 52-.t“ the concentration of 

sodium bromoacetate in solution was tl-o, 9-4, 7'9 and 6'9 at times o, 26, 
52, and 74 hours respectively from the commencement of the reaction, the 
decomposition being ultimately complete. Find the order of the reaction 
and calculate the times required to complete (ii) one-third, thi two-thirds 
of the change. Ans. Unimolccular. 65-2 hours, 177 hours. 

3S. In an experiment on the rate of reaction between sodium tliiosul- 
phate and ethyl bromoacetate (r/. p. 23S) 5o _c.c. of the reaction mixture 
required the follosving amounts of o-olioN iodine at the times from the 
commencement of the reaction indicated in the table. 

t (min.) o 5 to 1 5 25 4” 

c.cs. iodine solution 37'2S 24‘7 tS75 tS'3 H'C S'^5 4'‘) 

Show that the reaction is of the second order and find the velocity constant 
for concentrations of i mol. per litre. Ans. i.c6. 

39. From the electrolysis of hydrochloric acid in a cell with a cadmium 
anode the following results were obtained : change in concentration of 
chlorine at anode and cathode respectively ± 0-0054^ grami silver deposited 
in voltameter connected in scries with the cell O’oqSd gram. Calculate the 
transport numbers of hydrogen and chlorine (Cl «=• 35'4(5 ; Ag »<• I07’9). 

_Ans. H •' 0'832 ; Cl " o'iCS. 

40. The transport number of the cation in potassium chloride was found 
to be 0-497 and ■= 130-1. 

What is the absolute velocity of K- in cm. per second, under unit potential 
gradient ? ... 0-00067 cm. /sec. 

41. At t8° the velocity of migration of the Ag- ion is o-ooo?7 cm. /sec. 

and of the NO, ion 0-00063 cm./scc. What is the value of for silver 
nitrate at 18° ? ... Ans. a-/5 ^ '’S'S- 

42. Find the degree of ionization of l.actic acid at difi'erent dilutions and 
calculate the ionization constant from the following data, valid for 25" 

o (litres) 64 128 256 512 ^ 

t't' 34-3 47-4 <>4-i 87-6 381 

Ans. 0-000138. 

43- If the velocity coefficient for catalysis by N/4 acetic acid is O'Oooys, 
what will be the coefficient when the solution is also N/40 with respect to 
sodium acetate, assuming that the latter is dissociated to the extent of 86 
per cent. ? Ans. o-ooooT.i;. 

44. If an amount of base insufficient for complete saturation is added 

to an cquimolccular mixture of acetate and glycollic acid, in wliat propor- 
tion will the salts be formed? (Dissociation constants at 25". Acetic 
acid 0-000018, glycollic acid 0-00015.) Ans. 1:2-9, 

45. A N/io^ solution of sodium acetate is ionized to the extent of 80 

per cent, at 18°. What is the osmotic pressure of the solution at this tem- 
perature? ^ Ans. 4-28 atmo.s. 

46. Sodium chloride in 0-2 molar solution is dissociated to the extent 

of 80 per cent, at 18°. What will be the concentration of a urc.-i solution 
which is isotonic with the salt solution ? Ans, 21*6 grams per litre. 
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47. Calculate the E.M.F, of ao oaykydiosoo cell ffsu tie f.eti I>a: 
aH, + 0, - alftO + a x caL 
..J tiat to tempoatute cocMcu. rf to F-M-F. of <-to 

’* ‘’F“?to“S?S" • ’a* dearie ««1 to '»*> ■"' "" 

Fe 1 F*S 0 ,o-»N I CuSO.&oi S 1 Os 
»t 15*. assuming that the iron ^t is <0 

sdtij per cent ionised at the dihiuona in «ioestt':«. a-- U- P^- %. 
the liquid contact a eliminatrf. getscr^ t-*-^ 

’ Am Fe rfectiode — — (W 4 t •• — c-cri Tr.tSo 

+ 0'329 - “ * C"— ' 


+ <r3J9 — '•^- 

Total E-M F of c^l - 0-77^ 

49. "Eiiscusi <ae ia&uentt x/i tOKj^Wiwt *»! ca ti* ^^suicrus. 

aSO, + O, iSO, + 4S.^» oi. 


and show how the change of the equdihnum cositasS with tri7'^sa^.c^e 
can he calculated. [Unnfrntjr C»ll . ^ 

50 Cnticize the Taiious iheonea which hate been airaawi to eS7ia.a 
the mechanism of electrolytic cooductica. 

SI. Cntiewe Bertfaelot's pmepte of oixucua wTrk. 

tj. TOat do you understand by the totubilj*T prodart ’ Dims the 

4....^.. .< iv, ,.t ,r ^ . 


Bnedy describe the method br whsdi for phyBco-cfceayaJ pc.*;ieMa 
this ratio w determined. Cwr 1 

54 Define the terms “ awaiptsoa eo^oesh" “ er*asl aciatxs !"»• 
perature,” “ solid solution,” and '* eot'ctic alloy .’* r-rm? eramrles. 
\Skrffiil(i Untv.) 

55 •* Beer ’ 
fully so a 
rJitUrm , 

56. Write a brief aaount of the derelcymcsm c elcermvcirm^r^ 

assoaated with the names of Damell. Faranar. Hirtoei ami a ~j— « 

(Sk^i/^Um.) • — 

57. How would you detensiae, erier d^^lr « caiirertlT, ^ 
top^ture, pressure, and Toluse (or dsssitTl a psr? raamsc-? 

^ 58. Discuss tiie coaditiosa on wBeh the acecLCrr cf f-xn^. 

mg a routure of two ndsc&le IVrnds tr* frasmmal 

{St. Andrnct Dhm.J A^-*- 

dsK>ci2=€ prtpscaa cf ri-*— a_ 

\Sl. AKdrtXBt Unxv) ‘ * ‘ ^ wu-i^a. 

fo. PesaUx aoae eaperiserta n Korag; ed r^evw *^^'' r-a - - 

d^e electrolysis. How are the ta=-Vst cm^b-r cf ^ 

\St, Andrevis Univ^ ' ~ -c^-— 51^ - 

the preparation and c e- , c « i ot>a cf aca* ^ , 

13!;.^ 

62 Explain why (a) a hig^ts petemaJ a ztnxtsirr •' rj- - 
decmormal aolutron of bydreSjenc .mi tsK * 
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noUitlnu, (i) wliy r» K.M.F. iti HMinlly r-ftt «p ivt ll\c BUifiicc of contnct of 
iliUUc nmf oourt'iitvnlcil fioUitiooB of (ho imoic ch'clrolylc, (e) wliy 
iwdlom (tisplncin hytlr(tnci\ iilowly from wiitcr Iml rixpiilly froiix hydroclxlorux 
iiriil. (.SV. Andmof Unit'.) 

(I3. Ucic.iilw ivu cxi)crime»( lo ilhiiitriue the luipvixtlon of ions chirinp; 
plftctrolysifi. Ilow woiml yon iihoxy tlmt (ho cut Ion niul anion in n Bolntion 
nf iwppcr Riilnhatc move with (Itn'crcnl vclocidofi, and how wonUl yovt de- 
termine the I'clatlvo vclocllle.i ? {Jiirminxintm Univ.) 

6.), Slate tlte phase, rule and explain the (erinn involvc<l. Apply the 
role to explain the fact that the extent of dissoelation of cnirinm earhonnte 
deiiends only on the trmpcraliire. (Shefiifhi Utiiti.) 

6 $, What idass of milwtanee have In anhillon inolecnlcn of larger sire 
than that ealcnlaled from the formula, ami how doca the jdienomcnon 
depend on M the eonstltntion of the nohitc, (A) the nature of the solvent ? 
(Sfirj/lt/j Umv.) 


APPENDIX 

EQUIVALENT CONDUCTIVITY AT 18“ 

Tabls Id 

NaCL 1 KNOi jAeNO».|K»C,H,Oi.j JK,SO( LniiCO, ] JBaCIi 
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IONIC MOBILITIES (VELOCITIES) IN AQUEOUS SOLUTION 

AT i8“ 

Table II<j 


Normality 

of 

Solution. 

K. 

No. 

Li. 

NH.. 

Ag. 





iCtt. 

0*0000 

64-6 

43-5 

33-4 

64-2 

54-3 

55 

51 

51 

45 

46 

0*0001 

64- 1 

43-2 

33-2 

63-6 

537 

54-0 

50‘4 

50-4 

44-5 

45 

0*0002 

64-0 

430 

33-0 

63-4 

53-4 

53-5 

49-9 

49-9 

44 

44 

0*0005 

637 

42-8 

32-8 

63-0 

S3-J 

S2-6 

49-0 

49-0 

43 - 

43 

O'OOI 

63-3 

42-4 

32-5 

627 

52-8 

51-4 

47-9 

48-0 

42 

42 

0*002 

62-8 

42*0 

32-1 

62-2 

52-2 

497 

4b-S 

46'6 

41 

41 

0005 

6f8 

41-3 

3I-S 

6i-2 

51-3 

466 

43-9 

44-2 

39 

39 

0*01 

60-7 

40-5 

30-8 

6q-2 

50*2 

44 

41 

41-9 

37 

37 

0*02 

S9-S 

3<3-S 

30-0 

59-0 

49 

41 

39 

39-2 

34 

34 

0-05 

57-2 

37-9 

28-8 

56-8 

46 

— 

— 

35-2 

K 


0*1 

ss-i 

36-4 

27-5 

54-8 

44 



32-0 

28 

28 


Table Hi 


Normality 

of 

Solution. 

H. 

Cl. 

I. 

NO,. 

CIO,. 

C 2 H 3 O 2 . 

ISO,. 

JCgOj. 

ICO,. 

OH. 

0*0000 

3IS 

65-5 

66-5 

617 

550 

35-0 

68-3 

63 


174 

0*0001 

315 

b 4-9 

65-6 

61-3 

54-5 

35 

66-6 

61 

— 

172 

0*0002 

314 

64-8 

6 S-S 

6i*i 

54-3 

34 

660 

60 

— 

172 

0*0005 

312 

64-4 

65-3 

6o-8 

54-0 

34 

65-0 

59 

— 

171 

0*001 

3II 

64-0 

(34-9 

60-4 

53 -t> 

33 

63-8 

58 


1 71 

0*002 


I2B 

64-4 


53-1 

33 

— 

56 


170 

0005 

309 

62-5 

b 3-5 

S8-8 

52-0 

32 

S 8'7 

54 

60 

168 

0*01 

307 

6i-5 

627 

57-6 

50-9 

32 

55-5 

51 

55 

167 

0*02 

KSI 

6o-2 

6l'6 

56-1 

49-3 

31 

51-5 

48 

5 ° 

16s 

0-05 

301 

57-9 

6o-i 

53-3 

4 b-S 

30 

45 

43 

43 

x6i 

o-i 

294 

55-8 

S8-8 

JO -8 

440 

29 

40 

39 

38 

157 


From Landolt and Bomstein’s Tables, 1923. Measurements by KohJrausch 
and collaborators. 
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POTENTIAL SERIES OF THE ELEMENTS 
Table IV 

The numbers in the following table give the potentials of the substances in 
question in contact wth normal ionic solutions of their salts at 25°, referred to 
three different standards. The numbers under are referred to the potential 
of the hydrogen electrode as 0 0 volts, those under are referred to the nor- 
mal calomel electrode as zero, and those under to the calomel electrode 
“ -h 0-560 volts. 


Sodium 
Magnesium 
Aluminium 
Manganese 
Zinc . 
Iron, Fe/Fe' 
Cadmium 
Thallium 
Cobalt 
Nickel 
Tin, Sn/Sn" 
Lead . 


Hydrogen . 
Copper, Cu/Cu" 
Hg/Hg,- 
Hg/Hg- 
Silver . 
Platinum 
Gold, Au/Au" 
Fluorine 
Oxygen* 
Chlorine 
Bromine 
Iodine 


<oft- 


-2-7 

-i-SS 

- 1-34 
—1-07 
—0-76 

- 0-44 

—0-40 
- 0-34 
—0-29 
— 0-22 
-0-14 
-0-13 

-t- 

± 0-00 
0-34 
o-8o 
0-86 

0- 8o 
0-86 

1- 3 

1-9 

1-2 1 1 - 66)1 
1-40 
I -08 
0-54 



“Absolute 

Potentials.*' 

—2-98 

-2-42 

-t-83 

-1-27 

— 1-62 

— i-o6 

-1-35 

-0-79 

— 1-04 

-0-48 

—0-72 

— o-i6 

-0-68 

-0-12 

— 0-62 

— o-o6 

-0-57 ■ 

— o-ot 

-0-50 

-)-o-o6 

—0-42 

-foi4 

—0-41 

-fo-is 

4" 

•f 

-0-283 

-1-0-277 

o-o6 

0-62 

0-52 

i-o8 

0-58 

1-14 

0-52 

1-08 

0-58 

1-14 

1-0 

1-6 

t-6 

2-2 

0-9 

1-46 

1-12 

1-68 

o-8o 

1-36 

0-26 

0-82 


P-399- These values apply to a solution of normal H- concentration. 
In order to liberate oxygen from a solution of normal OH' concentration 
0-8 volts less are required, and to liberate hydrogen from the same solution 
0-8 volts more are required than in the case of a normal solution of acid. 









^??SrS5#- 

.. .%'UV. .«■'”• 

ebeffiww. j8». \Be*'^®*'tiotoic 3**- 

»Bl. 370 \B«on..armove»e“'* 


action. 333 


i’oi: .■;•«, V, ,s.. '«• •'■ 

beffiww. a8». \Be*'^®*'tiotoio 3**- 

»'• «*intb, 370 ,\B0‘°®Aaa ®o''*® “ 


toiMlioa. 'Jirtcei 


'S ->;■»■ 

^tbesw. 5- 




4i8 outlines of PHYSICAL CHEMISTRY 


CliL'inicnl cquiUbriiiiii nrnl E.M.F., 
301. 

— — and prc63urc, 17O. 

and tcmpcratnrii, 173‘>77. 

Clark cell, 358. 

Coagtilntlon of colloids, 313. 

— — adsorption theory of, 331. 
Colllnativc properties, 7a. 

Colloidal particles, charRCd, 322. 

— — slr-c of, 321, 320. 

— platinum, 228, 239, 319. 

— solutions, 3 >7-331. 

— — coagulation 01, 323. 

— — filtration of, 32O. 

optlo.al properties of, 321. 

— . — preparation of, 319. 

Colloids, 317. 

— diffusion of, 317. 

— electrical properties of, 322. 

— Irreversible, 326. 

— precipitation by electrolytes, 323. 

— reversible, 32O. 

Combining proportions, law of, 1. 

— volumes of gases, law of, 8. 
Combustion, heat of, 151. 

Complex Ions, 287, 307, 315. 
Components, definition of, 190. 
Concentration cells, 360-372. 
Conductivity, electrical, cffcot of tern. 

peraturo on, 209. 

— — cnulvalonl, 257. 

of pure substances, 261, 

— — measurement of, 2O1-2C4, 

— molecular, 255, 263, 270. 

— specific, 212. 25s. 

Conservation of energy, law of, 111. 

— of mass, law of, a. 

Constant boiling mixtures, 100. 
Constitutive properties, 72. 

Continuity of gaseous and Ihiuld states, 

63, 64. 

Copper sulphate, hydrates of, 185. 
Corresponding states, law of, 66. 

— tcmperalures, 60. 

Critical constants, Oo, O5. 

— phenomena, 57.67, 89. 

— pressure, doterinlnntion of, 60. 

— solution temperature. 98. 

— temperature, determination of, 59, 

— volume, dclermlnatlon of, 60. (po. 
Cryohydrates, 197. 

Crystalllsatton Interval, 202. 
Cmtallolds, 3t7. 

“Cyollo" processes, 137, 141. 

DAKtnLL cell, 349, 362, 365, 

reversal of current In, 366, 4o.(. 

Ochyo-HUcltcl theory, 348. 
Decomposition potential of electro- 
ly tes, 396. 

Deliquescence, t86. 


Density of gases and vapours, 43, 48. 

determination of, 43, 4 <i, 53 - 

Dlalyscd iron, 319. 

Dialysis, 319. 

Dfclcclrtc const.rnt, 232, 339 

and Ionisation, 339. 

Diffusion of gases, 39. 

— in solution, tt 8 . 

and osmotic, pressure, 109, ri8 

Dispersed system, 318. 

Dispersion, 318. 

Dissociating solvents, 132, 339. 
Dissociation constant, 272, 278, 281. 

— electrolytic, 266-269, 337-339- 
degree of, 267. 

evidence for, 337-339- 

— — mechanism of, 344. 

of water, 288, 298. 

— of salt hydrates, J85. 

— in gases, 48, 169, 406. 

— In solution, 134, 266-269, 

— thermal, 169, 

Distillation ol binary mixtures, 99.102 

— steam, tox. 

Distribution coefficient, 106, 188, 207 

357. 

Dulong and Petit’s law, 10, 155. 
Dyeing, adsorption theory of, 332, 333 


Edison accumulator, 403. 
Effiorcscence, 86, 

Electrode, calomel, 373. 

— hydrogen, 37,1, 383. 

— mcrcurlo oxide, 376. 

Klcctrodcs, normal, 373, 374. 
Electrolysis, 242-244, 396-402. 

— of water, 399. 

— separation of metals, etc., hy, 39S 
Electrolytes, amphoterk:, 3x2. 

— strong, 285-288. 

Electrolytic dissociation. See Dls 
soeiatlon, elcctrolytlo. 
Electrometer, canllhiry, 377. 
Electromotive lorce ' and chemlca 
equilibrium, 394. 

and coucentratiou of solutions 

36.5. 

measurement of, 355. 

st.-indards of, 357. 

Electron, 23. 

— and light ahsorption, 8x. 

— cliargo on, 23. 

— mass of, 26. 

Elements, x, 

— disintegration of, 2, 26. 

— periodic classification of, 18. 

— potential series of, 387. 

— table of, i<). 

Emulsolds, 325, 

Enantlotropic substnxxccs, 207. 
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Klnolic energy of pns niolcfiiilos, 32. 

— theory of p.ises, 3C-.t2, 52. 
KolilriiHseVs Inw, 237. 

Lhad nccuinttliilor, 402, 

Lo Chntolicr’s theorem. lyS- 
Uplit, ftbsorptlon of, 78-82. 
Liqucfnctlon of p.isos, 67. 

Lftiuicls, molecular welf'lil of, 86. 

— roiscihility of, g6, 105. 

— propcrtic!! of, 57-9 *• 
I.orcnr-Lorenl!: forrmiln, 74. 


Mass action, l.w of, J62-167, 181. 

and stroni; clcctrolvtcs, 285- 

288. 

in lietcropcncons systems, 

t8.i, 

Idnetic proof of, 167. 

tliermotlvnamlo proof of, 

t8i, 

Maxima and minima on curves, 85, 
99, Itt'S-O- 

‘•Maximum work" and chemical at- 
fmlly, 157, 353. , ; 

Medium, infiucuco of, on reaction 
velocity, 2it. : 

Motastalno pliascs, 193, 1 

Microns, 321, i 

Miirrallon of the 'ons, 2^3, 2.19-255. 
Mliiikan's detcrmtnatlon of e, 24. 
5Iincll)ilUy of liquids, 96, 105. 

Mixed crystals, ic, loO, 199, 20J. 
Molecular attraction, 40, 67. 

— surface cnerRy, 80. 

' — volume, O9, 90. 

in solution, 70. 

— weipht of colloids, 319. 

— — ahnormal, 4O, 132. 

of dissolved substances, W 9 - 

>.14- 

■ of R.iscs, 4 3-49- 

from pas densities, 48. 

of ihiuids, 80-Sq. 

5fo!ecn!cs, velocity of K.ascous,.39. 
Mouotropic substances, 207. 

Morse and I'rarer's measurements of 
osmotic pressure, XI4. 

Moseley’s law, 28. 

Movement, Hrownian, 322. 

Multiple proportions, law of, 3. 

NAToaAL law, definition of terms, 5, 6. 
Neumann’s law, ii. 

'* Neutral salt action,’’ 96. 
Noutralixalion ns ionic reaction, 289. 

— heat of, 153, 288-290, 300. 

Normal electrodes, 373, 374. 

— potentials, 387, 

Nuclear theory of atomic structure, 27 


OcTAViis, law of, 18. 

Optical activity, 75-78, S-F’- 

van’t HoiX-Lo Hel lucory of, 77. 

Order of a reaction, 221, 

Osmotic pressure, 108-119. 

and diffusion, 108, 118. 

and elevation of boiling-point, 

119, J4I- 

and pas pressure, 113, 114. 

and lowering of freezing-point, 

ti9. Ml- 

— — .and lowering nf vapour pres- 

sure, S09, 122, 136. 

mc.asurcmcnt of, no, 115. 

mechanism of, 117. 

of colloids, 319. 

Ostwald's dilution law, 272, 313. 
Overvoltage, 390. 

Oxidation, definition of, 393. 
Oxidation-reduction cells, 391. 
Ozone-oxygen equilibrium, 175. 

Partiai. pressures, haw of, 93. 

[ Periodic law, 21. 

— system, t8-22, 30-31. 

— t.ablo, 19. 

Phase, defmltiou of term, 183. 

! — rule, 189, 

Phosphorus pent.achloridc, dissociation 
ol, 169, 

Pl.asmolysis, Ii6. 

Polarisation, conccntr.ation, 401. 

— electrolytic, 351, 355, 396, 401. 

— of light, 75. 

Potential diifcrcnccs at liquid junc- 
tions, 381. 

origin ot, 362. 

single, 374, 378, 380. 

— senes of the elements, 385. 
Potentials, " nbsolulc," 374, 377. 

— normal, 387. 

Protective colloids, 334. 

Proton, 31. 

Prout’s hypothesis, 15, 31. 

QoAnaui'i.u point, 206. 

R, value of, for g.ases, 34. 

for solutes, 113. 

Radioactivity, 26, 28. 

Radium, 2, 26. 

Raoult’s formula, 121. 

Reaction, order of, 221. 

Reactions, consecutive, 224. 

— counter, 224. 

— side, 223. 

RcollUne.al diameter, law of, 60. 
Reduction, definition of, 393. 
Refraction formula!, 74. 

Rcfractivily, 72-75- 
Reversllillity la cells, 355. 
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Reversible reactions, i6|, >66, 230- 
Rotatory power, 75. aJ® 

magnetic, 7o- 


Salt solutions, solubility 
06 

Jemi-penueable merabran 
116, 117, >35 , , 

Silicic acid, colloidal, 3>9. 
Sodium sulphate, solubilit 
Sol (hydrosol), 3>5 
Solids, specific heat of, 10- 
SolubiliUes, determinatiQ 
30S-307, 370^ ^ , .. 

Solubility, coefficient of, 93. 


TeixusiUM, atomic weight of, ai. 

position in periodic table, 21, 3t. 

Temperature coefficient of chemical 
reactions, 232-S35. 
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~ product, 303. 

Solution, heat of, 13>. «6o 

Solutions, boiliag-point of, 124. 

— colloidal, 3I7-354. , 

— freezing-point of, leo, 

— •sotonio. It 6. 

— solid, 106, >99- 

supenatuiated, 104 , , 

Solvent, influence of, on ionisation, 

336. 343-346. 

Solvents, associaUng, 132, 339 

— dissociating, t3>> 339 
Speciflc heat of gases, 30-33. <54 

J. solids, 10-12, 154- 

Spectrum, absorption, 78^ 


Van der Waals’ equation, 40-4*. «3-67* 
Van*t Hofi-Raoult formula, 122. 

— Hofl'a factor, «, I34. 268. 

— » theory of solutions, 1 12 
Vapour densities, 43-47. 

_ — at high temperatures, 40t 47* 

— pressure of binary mixtures, 99. 

102, 103. 

— of soUds, 184 

— — lowering of, i2t. 

~ — measurement, 123. 

Velocity of reaction, 809.240 
Victor Meyer’s method of determining 
vapour densities, 44 
Viscosity and electrical conductivity, 


— vapour density of, 47- 


— — nature of, 89 
Suspensions, 325. 
Suspensoids, 325. 


^Watbr. catalytic action of, 227, 228. 
*39- 

— decomposition by, 291-298 

— dissociation constant of, 2S8, 298, 

, 385. 

— electrolysis of, 399-401. 

— equUibnum between phases, 189. 
1-^ lomsatiOQ of, 288, 29S. 
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